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Abstract 
 
Multiport array-antennas are widely used in beamforming, multiple input multiple 
output (MIMO), and diversity systems. For applications where a space less than half-
wavelength is available as in the case of mobile terminals, strong mutual coupling 
between antenna ports is introduced. The mutual coupling can cause system 
performance degradation. A decoupling and matching network could be used to 
compensate for the effect of mutual coupling. In this thesis, parasitic decoupling 
elements and eigenmode based decoupling networks are proposed to compensate for the 
effect of mutual coupling. Both approaches are demonstrated for the monopole four 
square array antenna where four monopole elements are placed at the corners of an 
electrically small platform (chassis) to scan the beam in azimuth. 
In the parasitic element decoupling method, parasitic monopole elements are inserted 
between adjacent and nonadjacent array active elements to compensate for the effect of 
mutual coupling. On the other hand, the eigenmode based decoupling network is a 
network connecting the active element ports using reactive components to compensate 
for the effect of mutual coupling; in practice, the reactive elements are realized in 
microstrip line. 
Recent antenna designs for MIMO favor coupling-element based antenna structures, 
where the chassis is the main radiator at the lower frequencies. In coupling-element 
based antenna structures, the coupling element is a nonresonant antenna used to excite 
the orthogonal characteristic chassis wavemodes through the electro-magnetic field. 
Making use of the orthogonality of chassis wavemodes, an alternative multiport 
coupling approach is proposed which decouples the ports. In a design example, a two-
port MIMO antenna separately excites the first two dominant chassis wavemodes. Based 
on the orthogonality of chassis modes, good isolation between antenna ports is achieved. 
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Introduction 
 
1.1 Background 
Smart antennas are divided into two groups, phased array systems (switched 
beamforming) with a finite number of fixed predefined patterns and adaptive array 
systems with an infinite number of patterns. In adaptive arrays, the beam is steering in 
the direction of desired signal while simultaneously nullifying interfering signals, beam 
direction can be estimated using Direction-of-Arrival (DOA) estimation algorithms. 
Switched beam system switches between multiple directional fixed beams as the mobile 
moves throughout the sector. An adaptive array system has better interference rejection 
capability compared to the switched beam system but has higher complexity and cost. 
Multiple Input Multiple Output systems (MIMO) could be considered as an extension to 
the smart antenna technology. In MIMO, multiple antennas are employed at both ends 
of the wireless channel (space division multiple access) to significantly enhance the 
communication system performance. In wireless systems such as mobile 
communication, the use of multiple antennas can result in a channel capacity and 
coverage area increase [1]. Traditional communication systems provide the best service 
under the condition of line-of-sight, while MIMO systems work well under rich 
scattering condition with multiple independent (uncorrelated) channels. 
When two or more antenna elements are close to each other, interchange of energy 
known as mutual coupling between them occurs. The mutual coupling effect becomes 
significant as the inter-element spacing decreases. Mutual coupling will result in 
1Chapter
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correlation of channels and significant system performance degradation which causes a 
reduction in the signal to noise ratio (SNR) of the system [2]. In beamforming antenna 
arrays, modification of the excitation vector through signal processing can compensate 
for the effect of mutual coupling on the radiation patterns. However, the SNR of the 
communication system requires optimization by proper matching of the port 
impedances. Implementation of RF decoupling networks is required to compensate for 
SNR degradation. Different decoupling matching networks have been described in the 
literature to counter for the mutual coupling effect. Eigenmode based decoupling 
network and parasitic decoupling elements are presented to decouple the monopole four 
square array antenna (MFSAA). In the MFSAA, four monopole elements are placed in 
about quarter-wavelength spacing at 2.45 GHz and require equal amplitude excitation 
with o90 phase shift between array elements to steer the beam in the direction of desired 
signal and create nulls to suppress interfering signals. 
In addition, the effect of characteristic chassis modes is significant in beamforming 
antenna arrays on small platforms. By the help of the characteristic modes theory, 
excitation of characteristic current modes and their effect on the array radiation 
characteristics can be studied. An alternative decoupling network based on the 
orthogonality of chassis modes is presented. An eigenmodal feed based decoupling 
network is designed to decouple a two-port MIMO antenna. Two couplers are placed at 
the middle of the chassis short ends for a selective excitation to the half- and full-
wavelength modes of the chassis major axis. A o180 hybrid based feed network was used 
to feed the structure by the eigenvectors of the selected chassis modes excitation. 
1.2 Objectives of the Thesis 
This thesis deals with design and characterization of antennas on small platforms taking 
into account the effect of mutual coupling and chassis modes coupling in multi-antenna 
systems where a space less than half-wavelength is available.  Different approaches of 
decoupling matching networks are presented and compared. Realization of the 
decoupling networks is developed and verified experimentally. 
1.3 Organization of the Thesis 
This thesis consists of eight chapters, including this introduction chapter. Ch.2 provides 
background on the characteristic modes theory which is so helpful to analyze the 
radiation properties of the chassis of a mobile terminal. In particular, it allows 
understanding of the coupling-element based antenna structures, in which the chassis is 
considered as the main radiator especially at low frequencies while the antenna works as 
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an exciter (coupler) to excite the chassis current modes. Based on the characteristic 
modes theory, the position of coupling elements on the chassis can be properly chosen 
for selective excitation of the chassis modes. Single- and multiple-resonances external 
matching circuits are presented for multiband and broadband coupling-element based 
antenna structures respectively. 
In ch.3, the effect of mutual coupling and chassis modes coupling is studied through the 
equivalent circuit model of monopoles on a mm 40mm 100 ×  chassis. By the help of the 
equivalent circuit model, calculation of the contribution of chassis modes and coupling 
element to the total radiation and the effect of chassis modes on the input impedance is 
presented. 
In ch.4, radiation characteristics of the MFSAA are presented. The effect of mutual 
coupling and chassis modes coupling on the array pattern is analyzed. Simulation results 
of the current modes distributions and radiation patterns for a mm 100mm 100 ×  chassis 
within the frequency range from 0.5 GHz to 3 GHz are discussed to explain how they 
affect the MFSAA radiation characteristics. 
In ch.5, various decoupling networks are implemented to both correct patterns and 
decouple ports of the MFSAA. A new excitation vector is derived from the active input 
impedance of the MFSAA to compensate for coupling effects in the patterns. While 
eigenmode based decoupling network and parasitic decoupling elements are 
implemented to decouple the MFSAA ports and thereby enhance the system 
performance. The effect of chassis modes on the azimuth and elevation element pattern 
is included and discussed. The excitation vector for the MFSAA with an eigenmode 
based decoupling network is optimized to allow steering the beam in the direction of 
desired signal and set the nulls to suppress interfering signals. 
In ch.6, an eigenmodal feed based decoupling network is designed based on the 
orthogonality of the chassis characteristic modes. Different configurations of a two-port 
MIMO antenna are modelled and compared with respect to the port isolation, frequency 
band of decoupling, and radiation patterns. Two capacitive coupling elements are placed 
along the chassis short ends axis to excite the first two dominant modes of a 
mm 40mm 100 ×  chassis. As a second case, the concept of eigenmodal feed based 
decoupling network is applied to decouple a four-element monopole array (MFSAA). 
For the MFSAA, the case of an infinite ground plane is considered and the effect of 
limitation to a mm 100mm 100 ×  chassis on the array patterns is analyzed. 
In ch.7, verification of the theoretical results is presented. The eigenmode based 
decoupling network and the parasitic decoupling elements of the MFSAA are fabricated 
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and manufactured, and isolation between ports is measured and compared to simulated 
results. Two different prototypes of eigenmodal feed based decoupling networks of a 
two-port MIMO antenna are fabricated. Measured and simulated results for both 
prototypes are compared. 
In ch.8, the most important points are summarized, conclusion for this work is presented 
and suggestions for future work are given. 
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Chassis Wavemodes and Coupling-Element Based Antenna 
Structures  
 
2.1 Introduction 
Due to the limited space availability on the printed circuit board (PCB) of mobile 
terminals, a space less than half-wavelength is available between antenna elements. In 
this case, mutual coupling plays a significant effect on the array performance. In 
addition, for small platforms, coupling to the chassis modes affects the radiation 
characteristics of the antenna array. As a demand for multiband small size antennas, the 
internal self-resonant antennas are replaced by coupling-element based antenna 
structures, in which the chassis is considered as the main radiator especially at low 
frequencies while the antenna works as an exciter to excite the chassis wavemodes. 
Obviously, a good knowledge of the characteristic modes of the chassis is helpful to 
analyze the effect of chassis modes on the array input impedance and their contribution 
to the total radiation. In addition, understanding the behavior of coupling element-to-
chassis interaction is of interest for selective excitation to chassis modes and how to 
compensate for the effect of chassis modes on the radiation characteristics of the 
antenna array. In the next chapter, mutual coupling and chassis modes coupling will be 
studied through the equivalent circuit model of monopoles on a small platform for deep 
understanding to the element-to-element and element-to-chassis interaction, then 
2Chapter
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compensating for the effect of mutual coupling and chassis modes coupling could be 
possible. 
2.2 Theory of Characteristic Modes 
The theory of characteristic modes (TCM) for conducting bodies was developed by 
Garbacz [3] and an alternative approach was further developed by Harrington [4]. For a 
conducting body of surface S in an impressed electric field iE , the current density J on 
S relates to the impressed field via [4] 
,0])([ tan =− iEJL    
where the subscript tan""  denotes the tangential components on S . In an antenna 
problem, the impressed field iE is the negative of the tangential components of E over 
S , while in a scattering problem, the impressed field iE is due to a known source 
external to S . In [4], the operator L  is defined by 
),()()( JJAjJL Φ∇+= ω  
,),()()( sdrrrJJA
S
′′′= ∫∫ ψµ  
,),()(1)( sdrrrJjJ S
′′′⋅∇′−=Φ ∫∫ ψωε
 
,
4
),(
rr
e
rr
rrjk
′−
=′
′
−−
pi
ψ  
where the field and source points are denoted by r  and r′  respectively and ε , µ  , and 
k  are the permittivity, permeability, and wavenumber respectively. Φ and A  are the 
vector potential and the scalar potential respectively. The operator L   has the dimension 
of impedance  
.)()( tanJLJZ =  
jXRZ += , is a linear symmetric operator, then its Hermitian parts, R and X , will be 
real and symmetric operators given by 
),(
2
1 ∗+= ZZR  
)1.2(
)2.2(
)3.2(
)4.2(
)5.2(
)6.2(
)7.2(
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).(
2
1 ∗
−= ZZjX  
The current modes of a conducting body will radiate some power. To get these modes 
the following eigenvalue problem is considered in [4] 
),()( nnn JMvJZ =  
where nv  and nJ  are the eigenvalues and eigenmodes respectively. M is a weight 
operator which has to be chosen. To diagonalize Z  and support orthogonal eigenmode 
patterns, the choice of RM =  has to be considered. With RM = , jXRZ += and 
nn jv λ+= 1  in (2.9)  
).()( nnn JRJX λ=  
Real symmetric operators R  and X  lead to real eigenvalues nλ  and eigenmodes nJ . 
The choice RM =  gives orthogonality of the eigenmodes which means that nJ  should 
satisfy the orthogonality relationships. Normalizing the amplitudes of the eigenmodes 
according to )( nJR  gives the orthogonality relations as follows 
,,,
,,,
,,,
mnnnmnm
mnnnmnm
mnnmnm
vZJJZJJ
XJJXJJ
RJJRJJ
δ
δλ
δ
==
==
==
∗
∗
∗
 
where mnδ  is the Kronecker delta given as  



=
≠
=
.for    1 
for    0 
nm
nm
mnδ  
The eigencurrents or the characteristic currents nJ  can be defined as the real currents on 
the surface S  of a conducting body. Eigencurrents nJ  and eigenvalues nλ  of a 
conducting body are independent of any specific source or excitation and are computed 
by reduction of operator equation (2.10) to a matrix equation using the method of 
moments (MoM) [5] as explained in [6]:  
[ ] [ ] nnn JRJX λ=  
)8.2(
)9.2(
)10.2(
)11.2(
)12.2(
)13.2(
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The corresponding matrix for the complex eigenvalue is 
[ ] [ ] nnn JRjJZ )1( λ+= , 
where the matrix ][Z  is the impedance of the conducting body. The electric field nE  
and the magnetic field nH produced by the characteristic currents nJ on the surface S of 
a conducting body are called the characteristic fields. The orthogonality properties of the 
characteristic fields can be obtained from the characteristic currents by means of the 
complex Poynting theorem, the complex power balance for currents J on S is given by 
[4] 
   )(     
 ,,,
τεµω
τ
dEEHHjdsHE
XJJjRJJZJJP
S
∫∫∫∫∫
′
∗∗
′
∗
∗∗∗
⋅−⋅+⋅×=
+==
 
where S ′  is any surface enclosing S  and τ ′  is the region enclosed by S ′ . Eq. (2.15) is 
a Hermitian quadratic form, for which the associated Hermitian bilinear form is [4] 
.,),( nmnm ZJJJJP ∗=  
If nm JJ   and are eigencurrents, then the orthogonality relations (2.11) apply and [4] 
  . )1()(                 mnnnmnm
S
nm jdEEHHjdsHE δλτεµω
τ
+=⋅−⋅+⋅× ∫∫∫∫∫
′
∗∗
′
∗
 
Due to the orthogonality properties, the characteristic currents nJ  can be used as a basis 
functions to expand the total current J on the surface S  of a conducting body. The 
current J on a conducting surface S  is then a linear superposition of the characteristic 
currents nJ  as 
∑=
n
nn JaJ  
where na  are coefficients to be determined. Substituting (2.18) in (2.1) and replacing
tanL  by Z  will lead to 
0tan =−∑ in
n
n EZJa  
)18.2(
)19.2(
)14.2(
)15.2(
)16.2(
)17.2(
  
9                                                                                   2.2 Theory of Characteristic Modes 
 
 
 
 
The inner product of (2.19) with mJ  , where ( ,...3,2,1=m  ) gives 
0,, tan =−∑ im
n
nmn EJZJJa  
Application of the orthogonality relation (2.11) to (2.20) reduces to 
,, tan
i
nnn EJva =  
where nn jv λ+= 1 , and the right hand side of (2.21) is called the modal excitation 
coefficient 
., tantan ∫∫ ⋅=
S
i
n
i
n dsEJEJ  
Consider the case that the eigencurrents nJ  are not normalized and solve for na  in (2.21) 
.
,)1(
, tan
nnn
i
n
n RJJj
EJ
a λ+=  
Substituting na  in (2.18), the modal solution for the current J on the surface S  is then 
.
,)1(
, tan
∑
+
=
n nnn
n
i
n
RJJj
JEJ
J λ  
The modal excitation coefficient in (2.22) can be considered as an indication of the 
coupling to the thn  characteristic mode and determines the contribution of such mode 
to the total current J on the surface S  of a conducting body, while the eigenvalue 
corresponding to the thn  mode represents how well the corresponding mode will 
radiate. As indicated in (2.17), the reactive power is proportional to the magnitude of the 
eigenvalue. For the case where 0=nλ  , the mode is at resonance because there is no 
net reactive power. The characteristic modes with positive eigenvalues contribute to 
store magnetic energy. Therefore those modes are inductive modes, while the 
characteristic modes with negative eigenvalues contribute to store electric energy and 
therefore those modes are capacitive modes. Associated with each eigenvalue is a 
characteristic angle defined as [7] 
).(tan180 1 nn λα −−= o  
)20.2(
)21.2(
)23.2(
)24.2(
)22.2(
)25.2(
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A mode resonates when 0=nλ  , meaning that its characteristic angle is o180=nα . 
Therefore, when the characteristic angle is close to o180 , the mode is an effective 
radiator, while when it’s characteristic angle is near o90 or o270 )( ±∞→λ , the mode is a 
poor radiator or scatterer, and it mainly stores electric energy for negative λ or magnetic 
energy for positive λ . 
2.3 Characteristic Modes Radiation Quality Factors 
The radiation quality factor radQ  is the ratio of the time average stored energy to the 
total radiated energy per cycle [8]. 
,
rad
rad P
WQ ω=  
where W  is the time average stored energy in the system, ω  denotes the radian 
frequency, and radP  is the radiated power. In practice, the radQ  is evaluated at the 
resonance which implies  
,
2
,
rad
me
rad P
WQ oω=  
where 
meW ,  is either the average stored electric or magnetic energy and oω  is the 
resonant frequency. Considering the chassis, which in coupling-element based antenna 
structures is the main radiator especially at low frequencies, it is of interest to study the 
contribution of the chassis modes to the total radiation. Since the characteristic modes of 
the chassis are defined by their corresponding eigenvalues 
nλ  and eigencurrents nJ , the 
radiation quality factor nradQ ,  corresponding to the thn  chassis mode defined by ( nλ , nJ
) will be derived to be proportional to the derivative of the mode eigenvalue 
nλ  with 
respect to the frequency ω  for the mode at resonance 0=nλ . The following derivation 
based on [9, 10] will lead to the familiar definition of nradQ , . Starting from the 
differential form of the complex Poynting theorem for the time harmonic field in an 
isotropic medium  
( )nenmnnnn wwjEJHE ,,22121 −−⋅−= ×⋅∇ ∗∗ ω
)26.2(
)27.2(
)28.2(
   
 
11                                                       2.3 Characteristic Modes Radiation Quality Factors 
     
 
 
 
where, nmw ,  and new ,  are the magnetic and electric field energy densities respectively 
corresponding to the thn  chassis mode. For an arbitrary antenna, choose 0V  such that 
0V∂  is coincident with the antenna surface and ∞V  is the region enclosed by a 
sphere of surface 
∞
∂V
 lying in the far field region of the antenna. Taking the integration 
of (2.28) over the region 0VV −∞  and applying the divergence theorem gives  
( ) ,2
2
1
2
1)(
2
1
00
,,
dvwwjdvEEIVdsHE
VV
nenm
VV
nnnn
V
nn ∫∫∫
−−
∗∗
∂
∗
∞∞∞
−−⋅−=−⋅× ωσ
where σ  is the conductivity of the medium, and nV  and nI  are the terminal voltage and 
current corresponding to the thn  chassis mode. The radiated power nradP ,  and the loss 
power nlossP ,  are given by 
,)(
2
1
,
dsHEP
V
nnnrad ⋅×= ∫
∞
∂
∗
 
.)(
2
1
0
,
dvEEP
VV
nnnloss ∫
−
∗
∞
⋅= σ
 
By substituting (2.30) and (2.31) in (2.29), then 
( ) .2
2
1
0
,,,,
dvwwjPPIV
VV
nenmnlossnradnn ∫
−
∗
∞
−++= ω
 
Multiplying (2.32) by ( 2/2 nI ) and substituting )/( nn IV  by the mode complex 
impedance nZ , this leads to [9] 
,nnn jXRZ +=  
where  
2
,
2
,
22
n
nloss
n
nrad
n
I
P
I
P
R +=  
and 
)29.2(
)30.2(
)31.2(
)32.2(
)33.2(
)34.2(
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,
)(4
2
,,
n
nenm
n
I
WW
X
−
=
ω
 
where neW ,  and nmW ,  are the average stored electric and magnetic field energies 
corresponding to the thn  chassis mode. Define a complex frequency ωγ js +=~ . In the 
complex frequency plane, (2.32) can be rewritten as follows [9] 
),ˆˆ(2)ˆˆ(2ˆ)~(ˆ)~(ˆ
2
1
,,,,, nenmnenmnradnn WWjWWPsIsV −+++=∗ ωγ  
where the symbol  ̂  is used to distinguish the quantities in the complex frequency plane 
from the corresponding quantities in the frequency domain. For the complex impedance
)~(ˆ sZn , multiply (2.36) by (
2)~(ˆ2 sIn ) 
),,(ˆ),(ˆ)~(ˆ ωγωγ nnn XjRsZ +=  
where  
2
,,
2
,
)~(ˆ
)ˆˆ(4
)~(ˆ
ˆ2),(ˆ
sI
WW
sI
P
R
n
nenm
n
nrad
n
+
+=
γ
ωγ  
and 
.
)~(ˆ
)ˆˆ(4),(ˆ 2 ,,
sI
WW
X
n
nenm
n
−
=
ω
ωγ  
If γ  is sufficiently small such that ))~(ˆ( nn IsI ≈  is independent of γ . Since the complex 
impedance is an analytic function its real and imaginary parts satisfy the Cauchy-
Riemann conditions 
,
),(ˆ),(ˆ
ω
ωγ
γ
ωγ
∂
∂
=
∂
∂ nn XR
 
,
),(ˆ),(ˆ
γ
ωγ
ω
ωγ
∂
∂
−=
∂
∂ nn XR
 
)35.2(
)36.2(
)37.2(
)38.2(
)39.2(
)40.2(
)41.2(
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from (2.38), 
2
,,
0
)(4),(ˆ
n
nenmn
I
WWR +
=
∂
∂
=γ
γ
ωγ
 
from (2.40) and (2.42), 
,
)(4),(ˆ
2
,,
0 n
nenmnn
I
WWXX +
=
∂
∂
=
∂
∂
=γ
ω
ωγ
ω
 
which is the Foster reactance theorem for antennas. From (2.39), for ))~(ˆ( nn IsI ≈ , and 
from (2.43), the stored magnetic and electric field energies corresponding to the thn 
chassis mode could be obtained as follows 
.
8
8
2
,
2
,






−∂
∂
=






+
∂
∂
=
ωω
ωω
nnn
ne
nnn
nm
XXIW
XXIW
 
By substituting (2.44) in (2.27), the radiation nradQ ,  factor will be given by 
, 
2
         
4
,
,
2
,
nrad
n
n
nrad
n
n
n
nrad
R
XX
P
XXIQ
±
∂
∂
=





 ±
∂
∂
=
ω
ω
ω
ω
 
and from (2.10): 
. 
2
1
, n
n
nrad d
dQ λ
ω
λ
ω ±=  
At resonance where ( nωω = ), and ,0)( =nωλ  
. 
2
1
n
,
ωωω
λ
ω
=
=
d
dQ nnnrad  
)42.2(
)43.2(
)44.2(
)45.2(
)46.2(
)47.2(
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2.4 Numerical Analysis of Characteristic Modes of the Mobile 
Terminal Chassis 
 
Numerical evaluation of the characteristic modes of a mobile chassis requires solving 
the generalized eigenvalue problem in (2.10). In practice, (2.10) need to be reduced into 
the matrix form (2.13) by applying the MoM as explained in [5]. In [11], the Numerical 
Electromagnetic Code (NEC2) was extended to solve for the eigenvalue problem in 
(2.13). The NEC is based on the method of moment solution of the electric field integral 
equation for thin wires and the magnetic field integral equation for planar surfaces [12]. 
By the NEC, an arbitrary structure can be approximated by a wire grid structure. In [11], 
a mm 40mm 100 ×  bar type phone chassis was approximated to a wire grid model, 
Fig.2.1a.  
The impedance matrix of the structure ][Z  was generated by NEC2 and passed to the 
LAPACK solver [13] for the real symmetric generalized eigenvalue problem. The 
calculated frequency dependent eigenvalues in the frequency range from 1 GHz to 3.2 
GHz are shown in Fig.2.1b. The first four resonant frequencies of the mm 40mm 100 ×  
chassis were found as 1.26, 2.68, 2.74 and 3.08 GHz, and their respective radiation 
quality factors values are 2.3, 3.0, 2.5, and 2.3. The first two modes represent the half- 
and full-wavelength modes of the chassis major axis, the third mode represents the half- 
wavelength mode of the chassis minor axis, and the fourth mode represents the half- 
wavelength mode of the chassis minor and major axis. The current patterns of the first 
four chassis modes obtained in [11] are shown in Fig.2.2. The blue and red colors 
correspond to positive and negative signs, while the line thickness indicates the 
magnitude of the current. 
 
)a(
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Figure 2.1: (a) The wire grid model of a mm 40mm 100 ×  chassis, and (b) the 
frequency dependent eigenvalues for the first few modes of the chassis 
[11]. 
 
 
 
 
Figure 2.2: The current patterns of the first four 100mm×40mm chassis modes [11]. 
)a( )b(
)c( )d(
)b(
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2.5 Coupling Elements 
Based on the fact that at low frequencies (around 1 GHz), the chassis works as the main 
radiator, whereas the antenna element works mainly as a coupling element [14], a 
simple nonresonant coupling element could be used for efficient excitation of the chassis 
wavemodes. The concept of coupling-element based antenna makes the size reduction of 
an internal mobile terminal antenna element possible by replacing a traditional self-
resonant antenna element with a simple capacitive or inductive coupling element and an 
external matching circuit. Coupling-element based antennas consist mainly of three 
parts: The chassis of the mobile terminal which works as the main radiator of the 
antenna-chassis combination especially at low frequencies, the coupling element with 
proper shape and location to support maximum coupling to the chassis characteristic 
wavemodes, and an external matching circuit to 50 Ω  can be considered as the third 
part of the combined structure.  
According to [14], the relative bandwidth of the combination of antenna element and 
chassis depends on the coupling between the antenna element and the chassis: As the 
coupling to the chassis wavemodes increases, the relative bandwidth also increases.  
For optimal coupling to the chassis modes, the coupling element location and shape 
should be correctly chosen. The coupling element can be either a capacitive coupling 
element (CCE) that couples to the electric field of the chassis or an inductive coupling 
element (ICE) that couples to the magnetic field of the chassis.  
In [15], the effect of the capacitive coupling element location on a mm 40mm 100 ×  
chassis was studied by using electromagnetic simulations. A probe of length mm 3 was 
placed at different locations on a mm 40mm 100 ×  chassis. The radiation quality factor 
radQ was obtained from the EM simulation of the input admittance as the ratio of 
susceptance to conductance.  
The minimum radiation quality factors were obtained at the corner and short ends of the 
chassis. The minimum radiation quality factor represents the strongest coupling to the 
chassis wavemodes. Fig.2.3 shows the normalized simulated radiation quality factor at 
920 MHz obtained with a small probe placed at different locations on a chassis of 
mm 40mm 100 ×  [15].  
The behavior of the radiation quality factor in Fig. 2.3 can be explained by the half-
wave dipole type current distribution of a typical mobile handset chassis at 900 MHz 
[14]. The electric field minimum is located at the center of the chassis, while the electric 
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field maximums are located at the chassis short ends. The quality factor curves in 
Fig.2.3 vary inversely proportional to the electric field on the chassis.  
In [16, 17], the theory of characteristic modes has been applied for optimal coupling 
element location on a mobile terminal chassis. The bandwidth potential ( dB 6
bandwidth) of a small center-fed patch antenna as a function of frequency for different 
locations at the corner, at the center, and at the midpoints of the long and short ends of a
mm 40mm 100 ×  chassis has been presented in [16]. The maximum bandwidth potential 
was obtained when the coupling element is placed at the corner of the chassis, while 
minimum bandwidth potential was obtained when the coupling element is placed at the 
center of the chassis where the electric field is minimum[15].  
On the other hand, the coupling element shape has to be properly chosen for strong 
coupling to the chassis dominant wavemodes. In [14, 18], the coupling element is bent 
over the shorter end of a mm 40mm 100 ×  chassis for stronger capacitive coupling to 
the half-wavelength (odd mode) and full-wavelength (even mode) of the chassis major 
axis, Fig.2.4a. In [19], another two different configurations for capacitive coupling 
element were presented.  In the first configuration the CCE is bent around a 
mm 40mm 100 ×  chassis short end to enhance coupling to the odd and even chassis 
modes of the major axis, Fig.2.4b.  
 
Figure 2.3: Normalized ( 195min =Q ) simulated radiation quality factors obtained with 
a small probe moved on a mm 40mm 100 ×  chassis. (a) Closer view of the 
shorter end of the chassis and (b) 3-D view of the whole chassis [15]. 
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While in the second configuration, the CCE is bent around the chassis corner to strongly 
couple to the dominant four characteristic modes of the chassis, Fig.2.4c. Furthermore, 
inductive coupling elements to couple to the chassis modes through the magnetic field 
instead of the electric field have been presented in [20, 21], where a thin wire loop is 
used as an inductive coupling element to couple to the chassis current modes through the 
magnetic field, Fig.2.4d.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Different configurations of capacitive and inductive coupling elements. 
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2.6 Design of Impedance Matching Circuits for Coupling-Element 
Based Antenna Structures 
 
As mentioned before a coupling element is a nonresonant element, which can be 
matched at any frequency by using an external matching circuit [22]. Design of a 
matching circuit to match a complex load to a desired resonance can be implemented in 
two ways, using lumped reactive elements or distributed elements. 
2.6.1 Lumped Elements Matching Circuits 
A complex load LLL jXRZ +=  can be matched to =oZ 50 Ω  by two lumped elements 
(L-section network) with two different configurations based on the load impedance 
value compared to =
o
Z 50 Ω  [23]. The two different configurations of L-section (single 
resonance) matching networks are shown in Fig.2.5. The reactance X  and susceptance 
B  of Fig.2.5a configuration are given as [23] 
LLL XRZRX −−±= )( o  
.
/)(
o
o
Z
RRZ
B LL
−
±=  
Respectively, the reactance X and susceptance B  of Fig.2.5b configuration are given as 
[23] 
22
22/
LL
LLLLL
XR
RZXRZRX
B
+
−+±
=
oo
 
.
1
LL
L
BR
Z
R
ZX
B
X oo −+=  
The lumped elements may be inductors or capacitors. Positive reactance X or negative 
susceptance B  means inductance, while positive susceptance B  or negative reactance
X means capacitance. Thus there are eight possibilities of the matching circuit for 
various load impedances. 
 
)48.2(
)49.2(
)50.2(
)51.2(
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Figure 2.5: L-section matching circuits. (a) Matching circuit for Ω<  50LR  and (b) 
matching circuit for Ω>  50LR .  
2.6.2 Distributed Elements Matching Circuits 
To match a complex load LLL jXRZ +=  to a transmission line of characteristic 
impedance Ω=  50
o
Z
 , a subsection of a transmission line of length sl  and characteristic 
impedance 
o
Z  has to be placed in series (series stub) or in parallel (shunt stub) at a 
distance d  from the load LZ . Fig.2.6 shows a single shunt stub used to match the load 
impedance LZ  to the transmission line characteristic impedance oZ . The distance d  in 
Fig.2.6 for 
o
ZRL ≠  can be obtained from [23] 
o
oo
ZR
ZXRZRX
d
L
LLLL
−
+−±
=
/])[(
tan
22
β    for ,
o
ZRL ≠  
where β  is the propagation constant for a lossless transmission line. For 
o
ZRL = ,
)2/(tan
o
ZXd L−=β . The required susceptance sB of the stub is [23] 
,])([
))((
22
2
tZXRZ
tRtZXtXZB
LL
LLL
s
oo
oo
++
−+−
=
 
where dt βtan=  . The length of a short-circuited stub λ/sl  is given by 
,tan
2
1 1






−
=
−
s
s
B
Yl
o
piλ  
while for an open-circuited stub, 
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1 1
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



=
−
o
Y
Bl ss
piλ  
where the characteristic admittance of the transmission line 
oo
ZY /1= . 
For real load impedances, a quarter-wave transformer matching circuit will be a good 
matching technique. Fig.2.7 shows a quarter-wave transformer with characteristic 
impedance lZ  given by [23] 
Ll RZZ o=  
For complex load impedance, it can be transformed to a real one by using a tunable 
length of a transmission line between the load and the quarter-wave transformer.  
 
 
 
Figure 2.6: A single shunt stub matching circuit of length sl  placed at distance d from 
the load.  
 
 
Figure 2.7: A quarter-wave matching transformer. 
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2.7 Broadband Tunable Coupling-Element Based Antenna 
Structures 
 
The use of multiple-resonances matching circuits is an effective way to enhance the 
impedance bandwidth of a coupling-element based antenna structure. For matching with 
distributed elements, double-stub or multiple sections of quarter-wave transformer will 
be effective for the purpose of multiple-resonances or wider bandwidth. While for 
matching with lumped elements, multiple L-section network can be used for multiple-
resonances or bandwidth enhancement. Two stages of L-section network can be 
modeled as a pi - or T -matching circuit. Multi-stages matching circuits provide extra 
degree of freedom to control the bandwidth for a wide scope of tuning. 
A wider bandwidth could also be obtained by modifying the ground plane, such that no 
ground plane metallization remains under the coupling element itself (off-ground 
coupling element) [24, 25]. The drawback of an off-ground coupling element is higher 
absorption rate (SAR) -if beside the head- in comparison to an on-ground coupling 
element. In the talking position, the SAR was calculated at 900 MHz for a coupling 
element placed beside the user ear. A SAR of 1.46 W/Kg was obtained for the case of an 
on-ground coupling element, while a SAR of 1.92 W/Kg was obtained for the case of an 
off-ground coupling element [25]. 
The nonresonant coupling-element based antennas are good candidates from two points 
of view: Allowance of simultaneous impedance matching at multiple frequency bands 
(broadband matching) [26, 27] and frequency reconfigurable multi-band antennas 
(switchable narrowband matching) [28-31]. To implement multiple frequency bands, 
two different arrangements of coupling element(s) and matching circuits are considered. 
In the first approach, each desired frequency band could be obtained by a coupling 
element with a separate matching circuit [26], while in the second approach one 
coupling element with multiple feed points is used [27] where each feed point is 
connecting to a matching circuit corresponding to the desired frequency band. The two 
different approaches are shown in Fig.2.8a and 2.8b. 
On the other hand, for frequency reconfigurable coupling-element based antenna, one 
coupler with multiple matching circuits is required and an RF switch between the 
matching circuits and the coupler is needed to switch between the multiple-frequency 
bands to support reconfigurability. 
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Figure 2.8: Different approaches of multiband coupling-element based antennas. (a) 
Several coupling elements are connected to several matching circuits. (b) 
Several matching circuits are connected to a single coupling element with 
multi-feed points.  
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For more clarity, a coupling element with multiple matching circuits modelling the 
frequency reconfigurable approach is presented in Fig.2.9. The low input resistance of 
the coupling element makes the resistance across the switch next to the coupling 
element relatively high resulting in a high power loss. In [30], a shunt inductor between 
the coupling element and the switch improves the total efficiency of the system.  
RF switches could be semiconductor switches (e.g. PIN diode switches, HEMT switches 
and CMOS switches) or micro-electromechanical switches (MEMS). The MEMS 
switches compared to the semiconductor switches have very low insertion loss, very low 
power consumption, very high isolation, and very wide operating frequency range [32, 
33]. The drawback of the MEMS switches is the high cost compared to the very low 
cost of the semiconductor switches, and the life cycle reliability of the MEMS switches 
is still insufficient for the use in mobile handsets.  
The advantage of the switchable narrowband matching over the simultaneous multiband 
matching is the simplicity of the matching network. In simultaneous multiband 
matching, by increasing the number of lumped elements in the matching circuit, wider 
bandwidth is obtained, while on the other hand the complexity and RF losses of the 
circuit will be increased. Recently, high-Q inductors, capacitors, transmission lines, and 
other passive elements can be integrated into multilayer low-temperature co-fired 
ceramic (LTCC) substrates occupying a very small volume [34, 35].  
 
 
Figure 2.9: Frequency reconfigurable multiband antenna.
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2.8 Selective Excitation of Chassis Modes 
For selective excitation to the chassis modes, the coupling element shape and location 
on the chassis have to be properly chosen. The optimal coupling element location after 
[14, 16, 17] is at the positions where the electric field of the chassis has its maximum. In 
[11], a numerical analysis for a chassis of dimensions mm 40mm 100 ×  was presented 
and the current distributions for the dominant chassis modes were obtained. According 
to [11, 14, 16, 17], selective excitation to the half- and full-wavelength modes of the 
chassis major axis required a coupling element to be placed at the middle point of the 
chassis short end, where the electric field for the half- and full-wavelength modes of the 
chassis major axis is at its maximum, while it is at its minimum for the half-wavelength 
mode of the chassis minor axis.  
As an example, a CCE is properly designed and placed at the midpoint of the chassis 
short end for efficient selective excitation to the half- and full-wavelength modes of the 
chassis major axis. The chassis dimensions are mm 40mm 100 × . The whole structure is 
shown in Fig.2.10. The coupling element is bent around the chassis short end to strongly 
couple to the chassis modes. The CCE is an off-ground element for the purpose of 
bandwidth enhancement [24, 25] with a ground clearance of 5mm. The dimensions of 
the whole structure are
 5mm×48×105 3 , Fig.2.10.  
 
 
 
Figure 2.10: Capacitive coupling-element based antenna structure.
100 mm 
48
 
m
m
 
40
 
m
m
 
x
y
  
Ch2: Chassis Wavemodes and Coupling-Element Based Antenna Structures                26 
 
 
 
The CCE element is matched by an external single resonant L-section matching circuit 
at each simulated frequency point between 0.5 GHz and 3 GHz. The relative bandwidth 
(10 dB bandwidth) obtained at each simulated frequency point is plotted in Fig.2.11. 
The half- and full-wavelength modes of the chassis major axis can clearly be seen at 0.9 
GHz and 2.2 GHz respectively. The contribution of the chassis is significant at around 1 
GHz, while it is lower at around 2 GHz, as expected [14].  
Using multiple-resonances matching circuit can enhance the bandwidth of the coupling-
element based antenna structure. A multiple resonances external matching circuit is 
designed for the structure in Fig.2.10. The relative bandwidth (10 dB bandwidth) as a 
function of the lumped elements number in the matching circuit is plotted in Fig.2.12 at 
the resonant frequencies of the half- and full-wavelength modes of the chassis major 
axis. According to Fig.2.12, the relative bandwidth increases with the number of lumped 
elements in the external matching circuit.  
 
Figure 2.11: Relative bandwidth (10 dB bandwidth) calculated when the CCE in   
Fig.2.10 is matched by an external optimal L-section matching circuit. 
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Figure 2.12: Relative bandwidth (10 dB bandwidth) calculated vs. the number of 
lumped elements in the matching circuit of the CCE in Fig.2.10. 
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Study of Mutual Coupling and Chassis Modes Coupling 
through the Equivalent Circuit Model of Monopoles on a 
Small Platform 
 
3.1 Introduction 
In coupling-element based antenna structures, the coupling element is used as an exciter 
to excite the chassis modes. An overall understanding of how different parts of the 
combined structure contribute to the input impedance and total radiation could be 
possible through a lumped elements equivalent circuit model based on parallel and 
series coupled resonators to model the chassis wavemodes and the antenna elements 
wavemodes. The work in [14, 36-38] provides the basis to model the antenna-chassis 
combination as a parallel and series coupled resonators. In [39, 40], an equivalent circuit 
of antenna-chassis combination with a single coupling element was modeled. While in 
[41, 42], an equivalent circuit model of antenna-chassis combination with two coupling 
elements was designed and analyzed. The resonant frequencies and the radiation quality 
factors of the coupled resonators in the equivalent circuit model could be obtained from 
the theory of characteristic modes. In [11], by the help of characteristic mode theory, a 
mm 40mm 100 ×
 bar type phone chassis was approximated to a wire grid model and the 
first four resonant frequencies of the chassis and their respective radiation quality factors 
values were numerically calculated. In order to model properly the mutual coupling in 
the equivalent circuit model in case of antenna-chassis combination of two or more 
coupling elements, the work in [43] will be a good start point.  
3Chapter
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3.2 Parallel and Series Resonant Circuits 
A parallel RLC resonant circuit is shown in Fig.3.1a, where the input impedance inZ is 
given by [23] 
,
11
1−






++= Cj
LjRZ in ωω  
and the complex power delivered to the resonator is 
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1 2
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
−+= Cj
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j
R
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The average electric and magnetic stored energies 
eW and mW respectively are given by  
CVWe
2
4
1
=  
  .
1
4
1
2
2
L
VWm ω
=  
While the power dissipated by R is 
.
2
1
2
R
V
Ploss =  
The input impedance inZ can be rewritten as  
.
2
1
)(2
2I
WWjPZ emlossin
−+
=
ω
 
Resonance occurs when the input impedance inZ is purely real ( em WW = ). The resonant 
frequency
o
ω  is then defined as 
.
1
LC
=
o
ω  
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The radiation quality factor 
radQ  for a parallel resonator is defined as the ratio of 
average stored energy in the resonator and energy dissipated per cycle. At resonance 
radQ  is given by 
,       
2 ,
RC
P
WQ
loss
me
rad
o
o
ω
ω
=
=
 
where meW ,  is either the average electric or magnetic stored energy.  
A series RLC resonant circuit is shown in Fig.3.1b, the input impedance inZ is 
,
1






++=
CjLjRZin ωω  
and the complex power delivered to the resonator is 
.
2
1 2IZP inin =  
The average electric and magnetic stored energies 
eW and mW respectively are given by  
C
IWe 2
2 1
4
1
ω
=  
.
4
1 2 LIWm =  
Resonance occurs when the average stored electric and magnetic energies are equal (
em WW = ). The resonant frequency oω and the radiation quality factor radQ at resonance 
for a series resonator are given by 
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Figure 3.1: Circuit model for (a) parallel RLC resonator and (b) series RLC resonator. 
 
3.3 Equivalent Circuit Modelling of a Single Monopole on a Small 
Platform 
For a mm 40mm 100 ×  chassis, the first four resonant frequencies of the chassis were 
numerically calculated as 1.26, 2.68, 2.74 and 3.08 GHz, and their respective radiation 
quality factors values are 2.3, 3.0, 2.5, and 2.3 [11]. The first two modes represent the 
half- and full-wavelength modes of the chassis major axis, the third mode represents the 
half-wavelength mode of the chassis minor axis, and the fourth mode represents the 
half-wavelength mode of the chassis minor and major axis. A single quarter-wavelength 
monopole at 2.45 GHz is used to excite the chassis modes.  
For optimal excitation of the chassis modes, the exciter location has to be properly 
chosen. In [16, 17], the maximum bandwidth potential was obtained when the coupling 
element is placed at the corner of the chassis, while minimum bandwidth potential was 
obtained when the coupling element is placed at the center of the chassis where the 
electric field is minimum [15].  
In the equivalent circuit model, the general case in which the monopole is placed at the 
corner of the chassis ( mm 40mm 100 × ) will be considered. Based on [37], a series RLC 
resonator is used to model the monopole mode. Consequently, a parallel RLC resonator 
is used to model the chassis modes [14]. The resonant frequencies and corresponding 
quality factors calculated in [11] are used in the design of the equivalent circuit as initial 
values. Due to the electrical length increase of the chassis, the monopole (exciter) 
slightly tunes downward the resonant frequencies of the chassis modes [44]. For a 
frequency range between 0.5 GHz and 3GHz, the first three chassis modes will be 
considered. The equivalent circuit model then includes a series RLC resonator to model 
the monopole wavemode, and three cascaded parallel RLC resonators to model the 
)a( )b(
I
inZ
R L
CVRLCV
inZ
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chassis modes, Fig.3.2. The coupling between the monopole and the chassis modes is 
modeled as an ideal transformer [39].  
Optimization goals in the equivalent circuit model include conditions on the resonant 
frequencies and Q-factors of both monopole and chassis modes as well as good 
agreement between EM simulation and circuit simulation using the Advanced Design 
System (ADS) simulator. The equivalent circuit model in ADC of a single monopole on 
a mm 40mm 100 ×  chassis is shown in Appendix A.  
The monopole radiation resistance is modeled as a frequency dependent resistance for 
better fitting to the monopole impedance behavior. The parasitic capacitor pC in the 
equivalent circuit model is optimized for good agreement with EM simulation. As can 
be seen from Fig.3.3, the equivalent circuit model results are in a good agreement with 
the EM simulation results. The 1st chassis mode is clearly seen as a peak in the 
monopole input resistance at the 1 GHz frequency range. The effect of the 2nd and 3rd 
chassis modes is not clearly seen due to the dominance of the quarter-wavelength 
monopole resonance around 2.5 GHz. 
 
 
 
 
 
 
Figure 3.2: Equivalent circuit model of a single monopole placed at the corner of a
mm 40mm 100 ×
 chassis. 
pC
mCmL )( fRm
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Figure 3.3: (a) Input impedance and (b) reflection coefficient S11 in Smith chart for a 
single monopole placed at the chassis corner from equivalent circuit model 
(solid) and EM simulation (dash). 
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By the help of the equivalent circuit model, the contribution of each part of the antenna-
chassis combination to the input impedance and total radiation can be evaluated. In 
Fig.3.4, the effect of chassis modes in the monopole input impedance can be seen. The 
behavior of the monopole input resistance is strongly influenced by the chassis modes, 
while the reactance behavior is mostly determined by the monopole mode. The 1st 
chassis mode is clearly seen as a peak at the 1 GHz frequency range, while the 2nd and 
the 3rd chassis modes increase the resistance at the 2.5 GHz frequency range where the 
quarter-wavelength monopole is at resonance. 
The percentage contribution of each chassis mode and monopole mode to the total 
radiation can also be calculated by the equivalent circuit model as shown in Fig.3.5. The 
percentage contribution of each chassis mode is calculated as the ratio of the chassis 
mode power and the total power of the antenna-chassis combination. It can be seen that 
at the 1 GHz frequency range, 85% of the power is radiated by the 1st chassis mode, 
while at the 2.5 GHz frequency range, around 35% of the power is radiated by the 2nd 
and the 3rd chassis modes. At 2 GHz, the quarter wavelength monopole radiates 70% of 
the total power. 
 
Figure 3.4: Effect of chassis modes on the input impedance of a single monopole 
placed at the corner of a mm 40mm 100 ×  chassis. 
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Figure 3.5: Contribution of chassis modes to the total radiated power for a single 
monopole placed at the corner of a mm 40mm 100 ×  chassis 
For a selective excitation of chassis modes, the monopole is placed at different positions 
on a mm 40mm 100 ×  chassis: At the corner where the first three chassis modes are 
excited, at the middle of the chassis short end where the first two chassis modes are 
excited, and at the center of the chassis where only the 2nd chassis mode is excited. The 
results from the equivalent circuit for different positions of a single monopole on a 
mm 40mm 100 ×  chassis are in a good agreement with that from EM simulation as can 
be seen from Fig.3.6a and Fig.3.6b.  
The values for the RLC resonators, the resonant frequencies and the radiation quality 
factors resulting from the optimization process in ADS for different positions of a single 
monopole on a mm 40mm 100 ×  chassis are summarized in Tab. 3.1. The value of the 
resistance in the parallel RLC resonators modelling the individual chassis mode 
corresponds to the excitation of the modes. For the case of a single monopole placed at 
the center of the chassis, the first and the third chassis modes are not excited [16, 17]. 
The same result could be obtained from the equivalent circuit model, low resistance and 
high capacitance show that the corresponding chassis mode is poorly excited and is 
more probable to store energy rather than to radiate. 
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Figure 3.6: Input impedance for a single monopole placed (a) at the middle of the 
chassis short end, and (b) at the center of the chassis from the equivalent 
circuit model (solid) and EM simulation (dash).                          .
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TABLE 3.1: RESONATOR PROPERTIES FOR LOADED AND UNLOADED CHASSIS. 
 
Chassis modes 
Loaded chassis Unloaded 
chassis 
corner center middle-short end GHz fr  Q  
 
1st 
chassis 
mode 
pFC  7.956 55.028 7.527  
 
1.26 
 
 
2.3 
nHL  2.398 0.354 2.507 
Ω R  48.561 2.538 45.448 
GHz fr  1.15 1.14 1.16 
Q  2.79 1 2.49 
 
2nd 
chassis 
mode 
pFC  23.164 4.577 16.595  
 
2.68 
 
 
3.0 
nHL  0.164 0.806 0.226 
Ω R  6.676 33.696 11.848 
GHz fr  2.58 2.62 2.60 
Q  2.51 2.54 3.2 
 
3rd 
chassis 
mode 
pFC  9.756 64.671 63.73  
 
2.74 
 
 
2.5 
nHL  0.351 0.053 0.054 
Ω R  17.656 2.495 2 
GHz fr  2.72 2.72 2.71 
Q  2.94 2.76 2.17 
 
3.4 Equivalent Circuit Modelling of Two Monopoles on a Small 
Platform 
In comparison with the equivalent circuit of a single monopole on a small platform, in 
addition to model and analyze the coupling between the monopole elements and the 
chassis, the mutual coupling between the two monopoles has to be modelled properly. 
The geometry of two quarter-wavelength monopoles at 2.45 GHz mounted on a 
mm 40mm 100 ×  ground plane and placed at distance d from the middle of the chassis 
short ends is shown in Fig.3.7. For selective excitation of the chassis modes, positions 
and excitation phases of the two monopole coupling elements have to be properly 
chosen. In Fig.3.7, to excite the half- and full-wavelength modes of the chassis major 
axis, odd and even excitation, respectively, of the two monopoles placed at the middle 
of the chassis short ends d = 4 mm is required.  The unitary matrix for such a structure is 
given by   
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Figure 3.7: Two quarter-wavelength monopoles mounted on a mm 40mm 100 ×  
ground plane. 
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The two-column vectors of U represent the excitation vectors for the half- and full-
wavelength chassis modes. In-phase excitation is needed to excite the 2nd chassis mode 
(even excitation), while anti-phase excitation is needed to excite the 1st chassis mode 
(odd excitation). The surface current distributions from EM simulation using Empire 
Xccel Fig.3.8 of the odd and even excitation of the two monopoles placed at the middle 
of the chassis short ends with d = 4 mm exhibit close similarity with the odd and even 
characteristic current modes of the chassis.  
The effect of chassis modes coupling on the monopole input impedance is shown in 
Fig.3.9. The reactance behavior of the impedance below the quarter-wave resonance is 
mainly determined by the monopole self-impedance, while the effect of the chassis 
modes is dominant in the resistance part of the impedance. This can be explained by the 
high Q-factor of the monopole compared to the chassis modes and the low radiation 
resistance of the monopole. 
 
 
 
 
  
mm 100
mm 40
d d
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)b(  
Figure 3.8: Current distribution for two monopoles at the middle of a mm 40mm 100 ×  
chassis short ends. (a) Odd excitation at 1.14 GHz and (b) even excitation 
at 2.45 GHz.( Arrows indicate the current direction) 
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Figure 3.9: Active input impedance of the simulated monopoles at d = 4 mm for odd 
and even excitation compared to single excitation for infinite ground case. 
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As in the case of a single monopole on a small platform, a series RLC resonator is used 
to model the monopole mode, while a parallel RLC resonator is used to model each of 
the chassis modes. The mutual coupling between the two monopoles is modeled as two 
cascaded T-section networks, while the coupling to the chassis modes is modeled as an 
L-section network. Fig.3.10 shows the equivalent circuit model of two monopoles on a 
mm 40mm 100 ×  chassis. The resonant frequencies and the corresponding quality 
factors calculated in [11] are used as initial values for the resonator equivalent circuit. 
Using the ADS simulator, the susceptance or reactance slope parameters, the resonant 
frequencies and Q-factors of the monopole elements and chassis modes were optimized 
to achieve best agreement between EM simulation and circuit simulation. The 
equivalent circuit model in ADC of two monopoles at the middle of a mm 40mm 100 ×  
chassis short ends is shown in Appendix B. Good agreement between results for the 
monopole self and mutual impedances and reflection and transmission coefficients from 
the equivalent circuit model and EM simulation has been achieved as shown in Fig.3.11 
for the antenna structure in Fig.3.7 with d mm 5.19= . For this element position, only the 
1st chassis mode will be excited because the monopoles are placed where the current 
distributions for the 2nd and 3rd chassis modes are at their maximum. Consequently, the 
equivalent circuit for this situation emphasizes the 1st chassis mode resonator (high 
susceptance slope) in order to correctly model the impedance variation, as seen in 
Fig.3.11. For other element positions, e.g., d mm 4=  as used in Fig.3.7 and Fig.3.9, both 
resonators may appear similar in admittance level.   
 
 
Figure 3.10: Equivalent circuit model of two monopoles placed at the middle of a
mm 40mm 100 ×
 chassis short ends. 
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)b(  
Figure 3.11: Equivalent circuit (solid) and EM simulation (dash). (a) Self- and mutual 
impedances and (b) reflection coefficient S11 and transmission coefficient 
S21 in Smith chart for two monopoles placed at d = mm 5.19 . 
The resonator properties for the equivalent circuit model obtained from the optimization 
process are summarized in Tab. 3.2. As the electrical length of the chassis increases due 
to implementation of the monopole elements on the chassis, its resonant frequencies 
decrease compared to the unloaded case [44]. For d = mm 5.19 , the 2nd chassis mode is 
nearly not excited because the monopoles are placed where the current distribution for 
the 2nd mode is approximately at its maximum. This effect can be seen from the 
equivalent circuit as low resistance and high capacitance in the RLC circuit model for 
the 2nd chassis mode, as indicated in Tab.3.2. This means that the corresponding mode is 
more probable to store energy rather than to radiate. 
The equivalent circuit model can be used to separate the effect of chassis modes on the 
self- and mutual impedances and their contribution to the total radiation. Fig.3.12 shows 
the effect of the chassis modes on the self- and mutual impedances with calculations 
performed by the circuit model with either both chassis mode resonators effective or one 
of the chassis mode resonators short-circuited. Below the monopole quarter-wave 
resonance, the self-impedance for the case of both chassis mode resonators effective is 
nearly the same as with the 1st chassis mode only (peak only seen at the chassis 1st mode 
resonance). This verifies the excitation of the 1st chassis mode, while the 2nd chassis 
mode is approximately not excited. However, without the 1st chassis mode resonator, the 
peak in the self-impedance real part cannot be modeled properly. On the other hand, the 
mutual impedance real part dips and the reactive part steeply slopes at the resonance of 
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the 1st chassis mode. At frequencies above the quarter-wave resonance of the monopoles 
we observe that both resonators are required to model the impedance behavior correctly. 
The percentage contribution of each chassis mode and monopole to the total radiation 
calculated by the equivalent circuit are shown in Fig.3.13. It can be seen that at the 1 
GHz frequency range, 95% of the power is radiated by the chassis modes (mainly the 1st 
chassis mode), while at the 2.5 GHz frequency range, the 2nd chassis mode is less 
excited to contribute only about 10% of radiation power, same as the 1st mode. Thus, the 
contribution of the chassis modes to the total radiation doesn’t exceed 20%, while the 
quarter-wavelength monopoles are the main radiators at the 2.5 GHz frequency range. 
 
TABLE 3.2: RESONATOR PROPERTIES FOR LOADED AND UNLOADED CHASSIS. 
 
 
Chassis modes 
Loaded chassis Unloaded chassis 
 
pFC  
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GHz fr
 
 
Q  
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1st chassis 
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2nd chassis 
mode 
 
38 
 
0.097 
 
5.445 
 
2.62 
 
3.38 
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Figure 3.12: Effect of chassis modes on the (a) self-impedance and (b) mutual 
impedance of two monopoles placed at d = mm 5.19 . 
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Figure 3.13: Contribution of chassis modes to the total radiated power for two 
monopoles placed at d = mm 5.19 of a mm 40mm 100 ×  chassis. 
For selective excitation of the 2nd and 3rd chassis modes, the two monopoles should be 
placed at the middle of the chassis long ends. The mutual coupling and chassis modes 
coupling in the equivalent circuit model of Fig.3.10 are modified to match for the new 
position of the monopoles. At this position, the 1st chassis mode resonator will be short-
circuited and a parallel RLC resonator should be added to model the 3rd chassis mode. 
The mutual coupling and chassis modes coupling are modeled as T-section and L-
section networks respectively. The parallel RLC resonators modeling the 2nd and 3rd 
chassis modes are rearranged such that the circuit properly works for sequential and all 
at once excitation settings of the ports.  
For sequential excitation, one of the two ports is excited and the other is matched, while 
for all at once excitation, the two ports are excited simultaneously.  The modified 
equivalent circuit model for two monopoles placed at the middle of a mm 40mm 100 ×  
chassis long ends is shown in Fig.3.14. The equivalent circuit model in ADC of two 
monopoles at the middle of a mm 40mm 100 ×  chassis long ends is shown in Appendix 
C. Good agreement between the equivalent circuit model results and EM simulation can 
be seen in Fig.3.15. The resonator properties for the equivalent circuit model obtained 
from the optimization process are summarized in Tab. 3.3. 
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Figure 3.14: Equivalent circuit model of two monopoles placed at the middle of the 
chassis long ends. 
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Figure 3.15: Equivalent circuit (solid) and EM simulation (dash). (a) Self- and mutual 
impedance and (b) reflection coefficient S11 and transmission coefficient 
S21 in Smith chart for two monopoles placed at the middle of a 
mm 40mm 100 ×
 chassis long ends. 
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TABLE 3.3: RESONATOR PROPERTIES FOR LOADED AND UNLOADED CHASSIS. 
 
 
Chassis modes 
Loaded chassis Unloaded chassis 
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nHL  
 
Ω R  
 
GHz fr
 
 
Q  
 
GHz fr  
 
Q  
 
2nd chassis 
mode 
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0. 925 
 
36.935 
 
2.54 
 
2.5 
 
2.68 
 
3 
 
3rd chassis 
mode 
 
4.516 
 
0.763 
 
26.004 
 
2.71 
 
2 
 
2.74 
 
2.5 
 
The percentage contribution of each chassis modes and monopole to the total radiation 
calculated by the equivalent circuit are shown in Fig.3.16. It can be seen that at the 1 
GHz frequency range, the monopole mode is the main radiator, while the contribution of 
chassis modes to the total radiation is approximately 25%. At the 2.5 GHz frequency 
range, the contribution of the 2nd and 3rd chassis modes reaches 50% of the total 
radiation. 
 
Figure 3.16: Contribution of chassis modes to the total radiated power for two 
monopoles placed at middle of a mm 40mm 100 ×  chassis long ends. 
1 1.5 2 2.5 3
0
10
20
30
40
50
60
70
80
Frequency [GHz]
Co
nt
rib
ut
io
n 
to
 to
ta
l r
ad
ia
tio
n 
[%
]
 
 
2nd chassis mode
3rd chassis mode
monopole contribution
 50 
 
 
 
 
 
 
 
 
Analysis of Mutual Coupling and Chassis Modes Coupling in 
the Monopole Four Square Array Antenna (MFSAA) 
 
4.1 Introduction 
Wireless communication systems with omnidirectional antennas suffer from multipath 
and interference signals in indoor propagation environment. Multi-beam antennas and 
adaptive arrays are one of the main popular techniques used for interference suppression 
by enhancing the signal strength and forming nulls in the direction of interferences. In 
antenna arrays, mutual coupling plays a significant effect on the array performance 
particularly when a space less than half-wavelength is available between the antenna 
elements as in the case of mobile terminals. The problem of mutual coupling is critical 
in beamfoming antenna arrays. It affects significantly the depths and positions of the 
nulls towards the interferences. In [45-47], the mutual coupling effect on the 
performance of adaptive arrays and direction of arrival estimation has been addressed. 
In [48], different array analysis methods for pattern modelling including the effect of 
mutual coupling are presented and compared. 
In the Monopole Four Square Array Antenna (MFSAA), four monopole antenna 
elements are placed on a square ground for beam scanning and sectorization of o360
azimuthal coverage. The beamforming function of the array is strongly affected by the 
mutual coupling between array elements and the chassis modes coupling between array 
elements and the ground. In this chapter, the MFSAA performance under the effect of 
mutual coupling and chassis modes coupling is presented and discussed. 
4Chapter
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4.2 Monopole Four Square Array Antenna (MFSAA) 
In the MFSAA, four monopole antennas are placed in a square arrangement on a 
mm 001mm 100 ×  chassis and fed in order to generate four overlapping beams in 
azimuth. Each of the monopole elements has a quarter-wavelength length L at a resonant 
frequency of 2.45 GHz and a radius r. The distance between the adjacent array elements 
is d. The geometry of the MFSAA is shown in Fig.4.1. 
4.2.1 Radiation Characteristics of the MFSAA 
For the MFSAA in Fig.4.1, the total radiation intensity under the assumption that the 
array elements are isolated (the mutual coupling effect is not considered) can be 
expressed as [49] 
,),()(),( 2φθθφθ AFFF Mp=  
where )(θMpF is the radiation intensity of a single monopole antenna, and ),( φθAF  is 
the array factor. The radiation pattern for a single monopole is shown in Fig.4.2. The 
array factor ),( φθAF  is a function of the distance d  between the array elements and the 
excitation vector for the array. For a NM × planar array with a uniform amplitude 
excitation, the normalized array factor can be written as [49] 
,
2
sin
2
sin
1
  
2
sin
2
sin
1),(
























=
y
y
x
x
N
N
M
M
AF ψ
ψ
ψ
ψ
φθ  
 where 
,sinsin
cossin
yyy
xxx
kd
kd
βφθψ
βφθψ
+=
+=
 
where k is the propagation constant, xxd β and are the spacing and phase shift of 
excitation in x-direction respectively, and the spacing and phase shift of excitation in y-
direction are presented respectively by yyd β and . 
 
)1.4(
)3.4(
)2.4(
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Figure 4.1: Monopole four square array antenna (MFSAA) with monopole elements 
(length L λ0.25=  , radius r λ0.01=  ) and element spacing d= λ0.35 . 
 
 
Figure 4.2: Azimuth (solid) and elevation (dash) radiation pattern of a quarter-
wavelength monopole at 2.45 GHz.  
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For the MFSAA in Fig.4.1, dddNM yxyx =====  and , ,2 ββ  . The excitation vector 
of the MFSAA for a beamforming in o45=φ  direction and nulls in 
ooo 315 and ,225 ,135=φ directions is chosen to be uniform in amplitude and with 
o90== yx ββ  for λ0.35=d  as given below for the antenna elements 1, 2, 3, and 4 in 
Fig.4.1 respectively. 
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The radiation pattern of the MFSAA azimuth beam with a monopole length L λ0.25=  
at GHz 45.2 , radius r λ0.01=  , and varied distance d  between adjacent array elements 
is shown in Tab.4.1. For d = λ0.35 , an azimuth beam in o45=φ  direction and nulls in 
ooo 315 and ,225 ,135=φ directions is obtained. For the MFSAA in Fig.4.1, where the 
monopole elements are placed at the middle of the chassis ends, an azimuth beam in
o0=φ  direction is obtained. For the monopole elements placed at the corners of the 
chassis (rotating by o45 ), the azimuth beam becomes in o45=φ direction. For both 
configurations the three other beams are generated by cyclic rotation of the port 
excitation. 
4.2.2 Directivity of the MFSAA 
The directivity of an array antenna defined as the ratio of the radiation intensity in a 
given direction from the array to the radiation intensity averaged over all directions [49], 
it can be written as 
,
  sin),(
),(4),( 2
0 0
∫ ∫
= pi pi
φθθφθ
φθ
piφθ
ddF
FD  
where ),( φθF  is the total radiation intensity defined by (4.1). If the direction is not 
specified, the direction of maximum ),( φθF  (maximum directivity 0D ) is implied and 
given by 
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4.2.3 Front-to-Back Ratio (F/B) of the MFSAA 
The front-to-back ratio is the difference between the maximum directivity in the forward 
direction and the backward direction under 180°. The directivity and (F/B) ratio of the 
MFSAA azimuth beam in xy-plane with a monopole length L λ0.25=  at GHz 45.2 , 
radius r λ0.01= , and varied distance d between adjacent array elements is shown in Tab. 
4.1. For λ0.35=d , the desired azimuth beam in o45=φ  direction and nulls in 
ooo 315 and ,225 ,135=φ directions is obtained with a high front-to-back ratio (72.21 dB) 
and a directivity of 8.94 dB. Side lobes level (SL) of less than -10 dB is obtained.  
4.2.4 Maximum Absolute Gain of the MFSAA 
The antenna absolute gain is related to the directivity, it takes into account the losses at 
the input terminals (mismatch losses) in addition to the conduction and dielectric losses 
of the structure (internal losses). Thus the maximum absolute gain can be defined as 
[49] 
,00 DG mrabs ηη=  
where 
 rη and
 mη are the radiation efficiency and mismatch efficiency respectively of the 
MFSAA with length L and radius r . 0D  is the maximum directivity defined in (4.6). 
The radiation efficiency
 rη  is given by 
,
disrad
rad
r RR
R
+
=η  
radR and disR are the monopole radiation and dissipation resistances respectively. The 
radiation resistance can be approximated for a thin monopole as [50] 
,
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while the dissipation resistance is approximated by [51] 
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TABLE 4.1: AZIMUTH BEAM PATTERN, DIRECTIVITY, AND (F/B) OF THE MFSAA IN 
FIG.4.1 FOR EXCITATION VECTOR IN (4.4) AND VARIED SEPARATION BETWEEN ADJACENT 
ANTENNA ELEMENTS d .(MUTUAL COUPLING AND CHASSIS MODES COUPLING ARE NOT 
CONSIDERED) 
d / λ  Directivity in 
xy-plane  dB 
(F/B) Ratio 
dB 
Azimuth Beam Pattern 
 
 
 
 
 
 
0.30 
 
 
 
 
 
 
 
 
 
 
 
0.35 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8.03 
 
 
 
 
 
 
 
 
 
 
 
           8.94 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
25.11 
 
 
 
 
 
 
 
40.0
21.72
54.2745.9
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The mismatch efficiency 
 mη is given by 
,1 2Γ−=mη  
with Γ  the voltage reflection coefficient at the input terminals of the antenna defined as 
)/()( oinoin ZZZZ +− , where inZ is the antenna input impedance and oZ is the source 
impedance (50 Ω  impedance). If the antenna is matched ( 0=Γ ), then the antenna 
absolute gain absG0 will be equal to the antenna gain 0DG rη= . 
4.3 Mutual Coupling in the MFSAA 
For simplicity, the mutual coupling between a two-element array will be considered for 
both transmit and receive modes. The same concept can be applied for the MFSAA. In a 
transmit mode, the two array elements in Fig.4.3 are driven simultaneously. The excited 
current in the 1st element radiates energy in free space. Part of the incident energy is 
coupled to the 2nd element and causes an induced current in that element. The induced 
current in the 2nd element radiates energy in free space. Part of the energy is coupled 
back to the 1st element causes an induced current in that element. The induced current 
caused by the 2nd element modifies the current in the 1st element which in turns modifies 
the input impedance of the 1st element. As a result, the radiation of the 1st element will 
be a combination of both antenna elements 1 and 2. In Fig.4.3, the plot shows that 
antenna1 is driven, same plot is applied for antenna2 of a two-element array in a 
transmit mode. 
By equations, the effect of the mutual coupling can be also indicated. In Fig.4.3, the port 
terminal voltages ][V  relate to the port terminal currents ][I  according to 
.
2
1
2221
1211
2
1












=





I
I
ZZ
ZZ
V
V
 
From (4.12), the port terminal voltages can be expressed as 
2121111 IZIZV +=  )13.4(
)10.4(
)11.4(
)12.4(
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.2221212 IZIZV +=  
From Fig.4.3, the port terminal voltages relate to the port open source voltages by 
111 IZVV go −=  
222 IZVV go −=  
where gZ  is the source impedance and 21  and oo VV  are the open-circuit source voltages 
for antenna1 and antenna2, respectively. By substituting (4.16) in (4.14) and solve for 
2I  
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Substituting (4.17) in (4.13) and rearranging (4.13) to get 
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The mutual coupling modifies the input impedance 11Z  at port1 by the factor
)/( 221221 gZZZZ + , and accordingly the terminal voltage 1V  is modified resulting in a 
modified array pattern. 
For a two-element array in receive mode as Fig.4.4 shows, the wave received by the 1st 
element causes current to flow in that element which causes energy radiation. Part of the 
energy is coupled to the 2nd element causing an induced current in that element, then 
energy radiation from the 2nd element and part of the energy is coupled back to the 1st 
element. The current in the 1st element is modified and accordingly the input impedance 
is also modified resulting in a modified radiation characteristics. 
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Figure 4.3: Model of a two-element array in a transmit mode. 
 
 
 
 
Figure 4.4: Model of a two-element array in a receive mode. 
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4.3.1 Mutual Coupling Effect on the MFSAA Radiation Pattern 
The effect of mutual coupling and chassis modes coupling on the azimuth patterns of the 
MFSAA in o45=φ direction shown in Tab.4.1 has been neglected. To see the effect of 
mutual coupling, the MFSAA on an infinite ground plane with d = λ0.35  is considered. 
From EM simulation using Empire Xccel, as indicated in Fig.4.5, the mutual coupling 
between array elements fills the nulls at ooo 315 and ,225 ,135=φ , and shifts the nulls at
oo 315 and ,135=φ  by 15 degrees compared to the isolated elements pattern. A 
comparison between the pattern of the isolated and coupled elements is summarized in 
Tab.4.2 with respect to the beamwidth (BW), side lobes level (SL), beam crossover 
level (BC), and front-to-back ratio (F/B) for the MFSAA with λ0.35=d . Due to 
coupling, the beamwidth becomes narrower, the side lobes level becomes higher, and 
the beam crossover level and the front-to-back ratio become lower compared to the 
isolated elements pattern. In the isolated elements pattern the effect of mutual coupling 
is neglected, while in the coupled elements pattern the effect of mutual coupling is 
considered.  
 
Figure 4.5: Isolated elements azimuth pattern (solid) and coupled elements azimuth 
pattern (dash) of the MFSAA. 
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TABLE 4.2: COMPARISON BETWEEN PATTERNS OF ISOLATED AND COUPLED ELEMENTS 
OF THE MFSAA. 
 Isolated Pattern Coupled Pattern 
 
Beamwidth 
 
 
o85  
 
o76  
 
Side lobes level 
 
 
-12.47 dB 
 
-7.87 dB 
 
Front-to-back 
ratio 
 
 
72.21 dB 
 
22.71 dB 
 
Beam crossover 
level 
 
 
-3.42 dB 
 
-4.3 dB 
 
4.4 Chassis Modes Coupling in the MFSAA 
In addition to the effect of mutual coupling between array elements, the chassis modes 
coupling, as discussed in the second and third chapters, will affect the MFSAA input 
impedance and radiation pattern. For optimal coupling to the chassis modes, the exciter 
location has to be properly chosen. In [16, 17], the maximum bandwidth potential was 
obtained when the coupling element is placed at the corner of the chassis.  
A quarter-wavelength monopole is placed at the corner of a mm 001mm 100 ×  chassis 
for optimal excitation to the chassis dominant wavemodes within the frequency range 
from 0.5 GHz to 3 GHz. In [40, 42], the equivalent circuit model of one and two 
monopoles on a  mm 40mm 100 × chassis shows that the behavior of the monopole 
input resistance is strongly influenced by the chassis, while the monopole input 
reactance is dominated by the exciter which in this case is a monopole element.  
The input resistance of a quarter-wavelength monopole placed at the corner of a
mm 001mm 100 ×  chassis is simulated using Empire Xccel and compared to the case of 
infinite ground plane as can be seen in Fig.4.6. The 1st, 2nd, and 3rd chassis modes are 
seen as a peak in the monopole input resistance compared to the case of infinite ground. 
The resonant frequencies of the 1st, 2nd and 3rd chassis modes occur at 1.0, 1.64, and 2.85 
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GHz, respectively. Due to loading of the chassis by a quarter-wavelength monopole, the 
resonant frequencies of the chassis modes are slightly tuned downward [44].  
The 1st chassis mode is the half-wavelength mode of the chassis end, it is strongly 
coupled when the monopole is placed at the middle of the chassis end perpendicular to 
that end. In case of a single monopole placed at the corner of the chassis, the 1st chassis 
mode becomes the half-wavelength mode of the chassis diagonal. The current 
distribution from EM simulation using Empire Xccel for the 1st chassis mode at 1 GHz 
is shown in Fig.4.7 for different positions of a single monopole on a mm 001mm 100 ×
chassis.  
A quarter-wavelength monopole is placed at the corner of the chassis at 1.64 GHz to 
excite the 2nd chassis mode, the full-wavelength mode of the chassis diagonal. While the 
3rd chassis mode (the full-wavelength mode of the chassis end) is excited at 2.85 GHz by 
two in-phase quarter-wavelength monopoles placed at the middle of the opposite chassis 
ends. The current distributions using Empire Xccel for the 2nd and 3rd chassis modes are 
shown in Fig.4.8a and Fig.4.8b respectively. 
 
Figure 4.6: Input resistance of a single monopole placed at the corner of a
mm 001mm 100 ×  chassis. 
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)a(  
 
 
)b(  
Figure 4.7: Current distribution of the half-wavelength mode at 1 GHz for a single 
monopole placed (a) at the middle of the chassis end, and (b) at the corner 
of the chassis. (Arrows indicate the current direction) 
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Figure 4.8: Current distribution of (a) the 2nd chassis mode at 1.64 GHz, and (b) the 3rd 
chassis mode at 2.85 GHz. (Arrows indicate the current direction) 
4.4.1 Chassis Modes Coupling Effect on the MFSAA Radiation Pattern 
To study the effect of chassis modes coupling, two configurations of the MFSAA on a 
mm 001mm 100 ×
 chassis are presented. The first one is the MFSAA placed at the 
corners of the chassis, while the second one is the MFSAA placed at the middle of the 
chassis ends. For the MFSAA placed at the chassis corners with the excitation vector of 
(4.4), from EM simulation using Empire Xccel, the azimuth pattern is similar to that for 
the infinite ground plane with slightly higher side lobes level as shown in Fig.4.9a, 
while in elevation pattern, the nulls are filled and the pattern is distorted compared to the 
infinite ground as Fig.4.9b shows.  
The arrangement of the MFSAA at the corners of the chassis with d = λ0.35  enables the 
excitation of the 1st and 2nd chassis modes. The resonant frequencies of those two modes 
occur at 1 and 1.64 GHz respectively. The radiation patterns for those two modes are 
plotted using Empire Xccel in Fig.4.10. Two short probes are placed at the most far 
corners of a mm 001mm 100 ×  chassis with o180 out of phase at 1 GHz to excite the 1st 
chassis mode (half-wavelength mode of chassis diagonal) and in-phase at 1.64 GHz to 
excite the 2nd chassis mode (full-wavelength mode of chassis diagonal). The E-plane 
patterns of the 1st and 2nd chassis modes presented in Fig4.10 explain the less effect of 
)a( )b(
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chassis modes on the azimuth pattern of the MFSAA placed at the corners of a 
mm 001mm 100 ×  chassis. While the H-plane pattern of the 1st and 2nd chassis modes 
presented in Fig4.10 is responsible for the distortion in the elevation pattern of the 
MFSAA placed at the corners of a mm 001mm 100 × chassis. 
 
Figure 4.9: (a) Azimuth and (b) elevation patterns at o0  phi = with mutual coupling 
(solid), mutual and chassis modes coupling of the MFSAA at the chassis 
corners (dash), and mutual and chassis modes coupling of the MFSAA at 
the middle of the chassis ends (dot). 
 
 
Figure 4.10: H-plane (solid) and E-plane (dash) patterns of (a) the 1st chassis mode at 
1GHz and (b) the 2nd chassis mode at 1.64 GHz. 
)a( )b(
)a( )b(
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For the MFSAA placed at the middle of the chassis ends, the nulls in azimuth pattern are 
more filled and the side lobes level is higher due to strong excitation to the 3rd chassis 
mode as Fig.4.9a shows. The radiation pattern of the 3rd chassis mode is plotted in 
Fig.4.11. Two short probes are placed at the middle of the opposite ends of a
mm 001mm 100 ×  chassis and excited in-phase at 2.85 GHz to excite the 3rd chassis 
mode (the full-wavelength mode of the chassis end).  
The H-plane pattern of the 3rd chassis mode shown in Fig.4.11 distorts the elevation 
pattern of the MFSAA placed at the middle of a mm 001mm 100 ×  chassis ends. While 
the E-plane pattern of the 3rd chassis mode is responsible for more filling of nulls and 
higher side lobes of the MFSAA azimuth pattern compared to the case of MFSAA 
placed at the chassis corners.  
For comparison, the current distribution at 2.45 GHz for both configurations of the 
MFSAA placed at a mm 001mm 100 ×  chassis is shown in Fig.4.12. As noticed in 
Fig.4.12a, the 1st chassis mode is excited by the two out-of-phase array elements, while 
the 2nd chassis mode is excited by the other two in-phase array elements. The two in-
phase array elements in Fig.4.12b excite the 3rd chassis mode.  
In above discussion and later on, E-plane and H-plane are used for the chassis modes 
patterns, while azimuth and elevation patterns are used for the MFSAA patterns. E-plane 
for the chassis modes is the xy-plane in Fig.4.1, and yz-plane is the H-plane. 
 
Figure 4.11: H-plane (solid) and E-plane (dash) patterns of the 3rd chassis mode at 
2.85GHz. 
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Figure 4.12: Current distribution at 2.45 GHz of the MFSAA placed (a) at the chassis 
corners and (b) at the middle of the chassis ends. (Arrows indicate the 
current direction). 
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Compensating for Mutual Coupling and Chassis Modes 
Coupling in the MFSAA 
 
5.1 Introduction 
The radiation pattern of the MFSAA is strongly affected by the mutual coupling and 
chassis modes coupling as discussed in the previous chapter. In particular, the depths 
and positions of the nulls are affected by both mutual coupling and chassis modes 
coupling. Many attempts have been made to compensate for the effect of mutual 
coupling in receiving antenna arrays for direction finding and interference suppression 
[52-54] while some authors try to compensate by decoupling the input ports of the 
feeding network [55-59]. In [60], the effect of ground parameters on array mutual 
coupling for direction of arrival estimation is investigated, when the skin depth of the 
ground plane increases or the loss tangent decreases, the mutual impedance decreases. 
For the MFSAA, to compensate for the effects of mutual coupling, the case of an 
infinite ground plane will be considered first, and later the effect of chassis modes will 
be taken into account. Different decoupling networks are proposed and compared for 
both port- and pattern-isolation of the MFSAA at 2.45 GHz. Coupled patterns will be 
used to point to coupled radiators. To compensate for coupled patterns in multi-beam 
antenna for the purpose of forming nulls in the direction of interferences, the feed 
network has to be optimized. Modifying the feed network keeps the ports and then the 
5Chapter
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patterns correlated. Design of decoupling networks becomes of essential to get 
decoupled ports and then decoupled patterns. 
5.2 Compensating for Coupled Radiation Patterns of the MFSAA 
As discussed in ch.4, the mutual coupling in the MFSAA modifies the monopole input 
impedances, and accordingly the terminal voltages are modified resulting in a modified 
array pattern. The distortion of the radiation pattern of the MFSAA for the purpose of 
beamforming can be compensated by modifying the feeding network of the MFSAA. In 
[61], an optimization of the MFSAA using the method of genetic algorithm is performed 
including modification of the array geometry and the feeding network for the purpose of 
beamforming. Optimization with genetic algorithm requires long simulation time. In 
addition to guarantee convergence, the initial values of the parameters to be optimized 
have to be properly chosen. In the following, a more straight forward method will be 
presented:  The mutual coupling effect in the MFSAA radiation pattern is compensated 
based on the active input impedance of the array elements. For simplicity, let’s consider 
the case of a two-element array. The port terminal voltages ][V  relates to the port 
terminal currents ][I  according to 
.
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From (5.1), the port terminal voltages can be expressed as 
2121111 IZIZV +=  
.2221212 IZIZV +=  
In Fig.4.3, the port open source voltages relate to the port terminal voltages by 
111 IZVV go +=  
,2202 IZVV g+=  
where gZ  is the source impedance (50 Ω  impedance). 21   and oo VV  are the open source 
voltages for antenna1 and antenna2, respectively. Due to mutual coupling, the port 
terminal voltages 21   and VV are modified by the terms 121212   and IZIZ , respectively, 
)2.5(
)3.5(
)1.5(
)4.5(
)5.5(
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which means that to compensate for coupling, the port open source voltages 21   and oo VV  
have to be modified by the same terms. The modified open source voltages are 
21211 IZVV oo +=′  
.12122 IZVV oo +=′  
The port terminal currents 21   and II  in (5.6) and (5.7) are given by 
1
1
1
ing
o
ZZ
VI
+
=
 
,
2
2
2
ing
o
ZZ
VI
+
=
 
where, 21   and inin ZZ  are the input impedances seen looking into the antenna terminals 
when one element is excited and the other is matched to the 50 Ω . Due to mutual 
coupling, the modified feeding network for beamforming depends now on the 
impedance matrix ][Z . The conventional definition of the impedance matrix elements, 
however, is not satisfactory for our present application since the open-circuit assumption 
involved in the calculation of the impedance elements does not take into account the 
scattering effect from antenna elements in the array when they are open-circuited. This 
effect is modelled as a parasitic capacitor pC  in the equivalent circuit model, Fig.3.2. 
This shortcoming can be improved by analyzing a transmit array, where all array 
elements are active. The input impedances will be denoted as active input impedances to 
point to antenna array in a transmit mode. From (5.2) and (5.3), the active input 
impedances are given by 
1
2
12111 I
ICZZactive +=  
.
2
1
21222 I
ICZZactive +=  
Unlike in the conventional definition, the magnitudes and phases of both antenna array 
terminal currents will be considered in the calculation of mutual coupling. Thus, the 
mutual impedances 2112   and ZZ from the conventional definition will be replaced by the 
)6.5(
)7.5(
)8.5(
)9.5(
)10.5(
)11.5(
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coupling coefficients 2112   and CC , respectively. 2211   and ZZ  are the antenna element 
self-impedances. Active input impedances in (5.10) and (5.11) can be calculated from 
EM simulation using Empire Xccel. By substituting (5.8) and (5.9) in (5.10) and (5.11) 
and solve for 2112   and CC , different values for coupling coefficients 2112   and CC are 
obtained as compared to the conventional method. Finally, the modification terms in 
(5.6) and (5.7) can be calculated now to derive the new feed network to compensate for 
mutual coupling effect. The same work is extended for the MFSAA in Fig.4.1. The 
monopole elements are a quarter-wavelength monopoles at 2.45 GHz, the monopole 
radius r  is λ01.0 , and the separation distance d  between adjacent array elements is 
λ36.0  while the separation distance between nonadjacent array elements is λ51.0 . The 
active input impedance of the MFSAA ports is given as 
,
4
1
∑
=
+=
i j
i
jijjactivej I
ICZZ
 
where ijij ≠==   ),4,...,2,1(  ),4,...,2,1( . The excitation of the MFSAA without coupling 
for a beamforming in o45=φ direction and nulls in ooo 315 and ,225 ,135=φ directions is 
given by 
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The modified open source voltages  ojV ′ for )4,...,2,1( =j  of the MFSAA with coupled 
elements are equal to 
  ,  ,
4
1
jiICVV
i
ijiojoj ≠+=′ ∑
=
 
where the port terminal currents  iI for )4,...,2,1( =i  are equal to 
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The active input impedances activejZ for )4,...,2,1( =j  in (5.12) are calculated from EM 
simulation by the help of Empire Xccel. The mutual coupling coefficients are calculated 
from the input active impedances for the excitation in (5.13) and compared with those 
calculated from the conventional method. The mutual impedances from both methods 
are plotted in Fig.5.1. The resistance behavior of 13131212 ,  and C , CZZ from both methods 
is nearly the same up to the resonant frequency of the monopoles (2.45 GHz). With 
increasing the frequency (above 2.5 GHz), the difference between mutual resistances 
from the two methods increases as the array elements electrical size becomes 
comparable to the wavelength where the self-impedance steeply increases (small 
terminal current) and the scattering effect rises due to increasing current at the monopole 
conductor center. The reactance behavior of 13131212 ,  and C , CZZ  is close for 
nonadjacent array elements from both methods, while for adjacent array elements, the 
difference between mutual reactances increases with the frequency increase. The 
monopole elements in the MFSAA are identical, this implies that jjii ZZ = , and due to 
reciprocity jiij ZZ =  for )4,...,2,1 and ( =ji .  
The modified open source voltages  ojV ′ for )4,...,2,1( =j  in (5.14) of the MFSAA are 
calculated for the mutual coupling of both methods. Results from both active input 
impedance and conventional method for the mutual coupling and modified feed network 
of the MFSAA at 2.45 GHz are summarized in Tab.5.1.  From the conventional method, 
all array elements have the same input impedance, while from the active input 
impedance method, the array elements input impedances are different depending on the 
amplitudes and phases of the excitation vector. 
The mutual coupling at 2.45 GHz is nearly the same from both methods except for 
change in sign of the reactance of  12Z (mirror effect as seen in Fig.5.1). The modified 
radiation patterns based on the feed networks calculated in Tab.5.1 from both methods 
at 2.45 GHz are shown in Fig.5.2 and compared with the coupled pattern of the 
excitation vector defined by (5.13).  
For the radiation pattern of the excitation vector calculated from the conventional 
method, the nulls are filled, the side lobes level becomes higher, and the front to back 
ratio becomes lower compared to the coupled pattern. While for the radiation pattern of 
the excitation vector calculated from the active input impedance, the depth of the nulls is 
-27.15 dB compared to -13.8 dB for the coupled pattern, and the side lobes level is 
lower. The front to back ratio is -14.83 dB compared to -24 dB for the coupled pattern 
due to mismatched ports. 
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Figure 5.1: Mutual coupling of the MFSAA calculated from active input impedance 
(solid) and from conventional method (dash). (a) 1212 ,CZ between adjacent 
array elements, and (b) 1313,CZ between nonadjacent array elements. 
The feed network obtained from the active input impedance is more effective in 
compensating for beamforming compared to the conventional method as Fig.5.2 shows. 
The MFSAA ports are still coupled. In the next section of this chapter, a design of 
decoupling and matching networks (DMN) of the MFSAA is proposed for the purpose 
of port isolation and their effect on the array patterns is discussed. 
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Figure 5.2: Azimuth pattern of the MFSAA coupled pattern (solid), active input 
impedance (dash), and conventional method (dash dot). 
 
TABLE 5.1: MUTUAL COUPLING AND MODIFIED FEED NETWORK OF THE MFSAA AT 
2.45 GHZ CALCULATED FROM ACTIVE INPUT IMPEDANCE AND FROM CONVENTIONAL 
METHOD. 
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5.3 Compensating for Port Coupling of the MFSAA 
Port isolation is critical in many practical applications such as diversity systems and 
multiple input multiple output (MIMO) systems for the purpose of increase of the 
channel capacity in wireless communication systems. There are several methods that can 
be utilized to enhance port isolation. In [55, 56], the electromagnetic band gab structures 
(EBG) are used to suppress the surface wave between antenna elements and thus 
enhance the isolation between antenna ports. In [55], a mushroom-like EBG structure is 
inserted between a two-element microstrip antenna array for the purpose of surface 
waves suppression resulting in a low mutual coupling and better antenna array 
performance. The mushroom-like EBG structure consists of: a ground plane, a dielectric 
substrate, metallic patches, and connecting vias. However, the large area required for the 
EBG is a drawback for this technique of port isolation. In another research work [62-
66], a decoupling and matching network (DMN) is designed based on the theory of 
eigenmode for good isolation between ports. While in [59, 67, 68], direct connection 
between antenna elements, and in [69-71], coupled elements are inserted between 
antenna elements to create an additional physical path in case of direct connection and a 
coupled path in case of coupled or parasitic elements for enhancing the isolation. 
Defected ground structures (DGS) are used in [57, 58, 71] to provide port isolation by 
suppressing the current flow between antenna elements which, however, makes the RF 
feed circuits more difficult. In [58], a defected ground structure was used to decouple a 
two-element microstrip antenna array. The DGS provides a wide band-stop 
characteristics that suppresses surface wave excited in microstrip antennas through the 
substrate layer (thick and high permittivity substrate).  
5.3.1 Parasitic Elements Based Decoupling Technique 
In [69], perfect decoupling between two arbitrary spaced antennas has been proposed 
using a reactively loaded parasitic antenna in between two active antennas. Tuning the 
reactive load of the parasitic element in addition to the dimensions of active and 
parasitic elements has provided perfect port isolation over a narrow frequency band. In 
[70], a coupling element with a total electrical length of a round half-wavelength at 2.4 
GHz is added between two antenna elements. The coupling element dimensions are 
optimized to compensate for the induced current in the second element of the array due 
to the excited current in the array first element. A good isolation over a wider frequency 
band at 2.45 GHz is obtained compared to [69].  
In [71], the concept of parasitic decoupling elements is applied to the MFSAA to obtain 
good port isolation over a wider frequency band. Instead of reactively loaded parasitic 
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element [69], short circuited parasitic elements are proposed. By proper choice of 
parasitic elements positions and dimensions in addition to the array active elements 
dimensions, port isolation over a wider frequency range is obtained for a given array 
elements spacing without extending the overall area. The decoupled ports of the array 
can then be matched using conventional matching networks [23]. 
Consider an array of two active elements and one short-circuited parasitic element in 
between as in Fig.5.3. The terminal currents and voltages are related through the 
impedance matrix as 
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The short-circuit condition for the parasitic element implies that 02 =V , and due to 
reciprocity, jiij ZZ = , where ji ≠ , { }3,2,1, =ji . Substituting into (5.16) and 
rearrangement, the voltages and currents of array active elements are related as 
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Figure 5.3: Two active elements array with one short parasitic element as a short-
circuited decoupling element. 
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where for identical array elements 
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For decoupled ports, the condition 013 =′Z  should be satisfied which implies that 13Z
should equal to 22212 / ZZ . The array active and parasitic elements in Fig.5.3 are quarter 
wavelength monopoles, so tuning the parasitic element length and diameter can be used 
to compensate for the mutual coupling between array active elements.  The input 
impedance of array decoupled ports is now mismatched to the source impedance (50 Ω ) 
by the same factor 22212 / ZZ . The decoupled ports of the array can now be matched by 
using conventional matching circuits. 
For the MFSAA, four parasitic elements are required to decouple adjacent array active 
elements and one parasitic element in the center to decouple nonadjacent array active 
elements as Fig.5.4 shows. 
 
 
 
 
 
   
  
 
 
Figure 5.4: MFSAA with five short parasitic elements (pink) to decouple array active 
elements (black). The monopoles are quarter-wavelength at 2.45 GHz. 
)18.5(
x
y
port1
2port 
port3
port4
λ347.0
d
  
77                                                      5.3 Compensating for Port Coupling of the MFSAA 
 
 
For nonadjacent array active elements, the length and diameter of the parasitic element 
in the center of the array are optimized to compensate for mutual coupling between 
nonadjacent array active elements. While for adjacent array active elements, the length, 
diameter, and position of parasitic elements at distance d from the center are optimized 
to get isolated ports. The positions of the four parasitic elements are optimized by 
adjusting the distance d from the center which is the radius of the circle where the four 
parasitic elements are placed. Due to the symmetry of the MFSAA, the four parasitic 
elements placed between adjacent array elements at distance d from the center should 
have the same length. The length and position of parasitic elements placed between 
adjacent array active elements, the length of the parasitic element at the center for 
nonadjacent array active elements, the diameter of the array parasitic elements in 
addition to the array active elements length for given separation distance of λ347.0  
between adjacent array active elements are all optimized with Empire XCcel. The 
optimization goal is defined such that good isolation between antenna ports at 2.45 GHz 
is obtained. Port isolation of more than 30 dB as shown in Fig.5.5 is obtained for array 
active elements length of λ2.0 , parasitic elements lengths of λ253.0  and λ286.0  
between adjacent and nonadjacent array active elements respectively, and λ22.0=d . 
The diameters of array active and parasitic elements are chosen to be λ025.0  and 
λ016.0  respectively. However, the decoupled ports are mismatched to the 50 Ω  
reference as seen in Fig.5.5.  
 
Figure 5.5: Simulated S-parameters of the MFSAA with parasitic decoupling elements. 
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A matching network of an open circuit stub is thus designed by optimizing the stub 
length and position from the feed point for good matching at 2.45GHz. For comparison, 
Fig.5.6 and Fig.5.7 show the MFSAA scattering parameters with and without parasitic 
decoupling elements and matching circuit.  
 
Figure 5.6: Simulated S-parameters of the MFSAA without parasitic decoupling 
elements and matching circuit. 
 
Figure 5.7: Simulated S-parameters of the MFSAA with parasitic decoupling elements 
and matching circuit. 
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An isolation of more than 30 dB is obtained over a frequency band from 2.406 to 2.506 
GHz (10 dB bandwidth). The scattering parameters ( 12S and 13S ) represent the coupling 
between adjacent and nonadjacent array active elements respectively.  
Azimuth and elevation patterns of port1 excited and all other ports matched to 50 Ω  with 
and without parasitic decoupling elements are shown in Fig.5.8. Due to the additional 
parasitic elements, the element radiation pattern of the MFSAA with decoupled ports is 
more directive by 10 dB compared to the MFSAA element pattern with coupled ports. In 
the elevation plane, the null at o0=θ  is seen to be filled due to strong currents excited 
on the ground plane between the active and the parasitic elements which radiate 
vertically. Radiation contributions of the parasitic elements combine with the active 
element radiation to create a dip at o45=θ  for o0phi =  plane.   
The parasitic elements provide additional coupling paths to compensate for the mutual 
coupling effect between array elements. As port1 is excited and all other ports are 
matched terminated, an o180 out of phase current is induced in both the array elements 
and in the parasitic elements.  A current in-phase to the current in the driven element 
(port1) is induced in array elements due to the current in the parasitic elements which 
cancels the o180 out of phase current from direct coupling to the driven element and thus 
achieves port isolation. The 10 dB higher directivity seen in Fig.5.8 of the decoupled 
MFSAA elements is due to the current in the short-circuited parasitic elements. 
Approximately equal magnitude and anti-phase currents in the driven element and 
parasitic element result in a higher directivity as known from the theory of 
superdirective arrays [73, 74]. The parasitic element provides a new resonant frequency 
parf  and two superdirective frequencies emerge on either side of parf  at which the 
parasitic element acts as a director or a reflector. Usually the parasitic superdirectivity is 
optimized by using the parasitic element as a reflector [75]. The optimization of the 
MFSAA with parasitic decoupling elements gives good port isolation over a wide 
frequency band for the parasitic elements as reflectors rather than directors. The new 
resonant frequency parf  and the additional two superdirective frequencies explain the 
good port isolation over a wider frequency band as Fig.5.7 shows. Good port isolation 
due to the parasitic decoupling elements can also be seen from the electric field 
distribution in the xy-plane of the MFSAA at 2.45 GHz, shown in Fig.5.9, where the 
field close to the radiator elements is very low.  
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Figure 5.8: MFSAA radiation pattern with (solid) and without (dash) parasitic 
decoupling elements and matching circuit. (a) Azimuth pattern and (b) 
elevation pattern at o0  phi = (blue) and o90  phi=  (black). 
 
Figure 5.9: Electric field distribution ( xyzE ) of the MFSAA with parasitic decoupling 
elements and matching circuit at 2.45 GHz. 
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The simulated total efficiency is 94% for the MFSAA with parasitic decoupling 
elements and matching circuit compared to 84% for the MFSAA without parasitic 
decoupling elements and matching circuit. For MIMO systems, suppression of mutual 
coupling between array elements of the MFSAA using parasitic elements realizes in 
addition to the improved power transfer from the antenna elements to the loads an 
independent channel of operation with isolation of more than 30 dB between array ports 
of λ347.0 separation. An enhancement of more than 10 dB is achieved compared to 
conventional MIMO systems which show an isolation of about 20 dB for half 
wavelength separation between array elements [76, 77].  
In above discussion, decoupling of the MFSAA using parasitic elements is discussed 
without considering the effect of chassis modes. For the MFSAA setting in Fig.5.4, 
exciting port1 while keeping all other ports matched couples to the half- and full-
wavelength modes of the chassis end. The effect of those two chassis modes on the 
radiation pattern of the MFSAA can be seen from Fig.5.10. The pattern in the H-plane 
of the half-wavelength chassis mode presented in Fig.4.10a fills the dip at o0=θ of the 
MFSAA elevation pattern while the dip at o45=θ  is filled due to the H-plane patterns 
of the half- and full-wavelength chassis modes presented in Fig.4.10a and b, 
respectively. Distortion in azimuth pattern of the MFSAA seen in Fig.5.10 is due to the 
E-plane patterns of the half- and full-wavelength chassis modes presented in Fig.4.10a 
and b, respectively. 
 
Figure 5.10: MFSAA radiation pattern with parasitic decoupling elements on infinite 
(solid) and finite (dash) ground plane. (a) Azimuth pattern and (b) elevation 
pattern at o0  phi = (blue) and o90  phi=  (black). 
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5.3.2  Eigenmode Based Decoupling Network 
The idea of connecting a lossless network between input ports and antenna ports such 
that there is no coupling between array elements was early proposed by [78]. For such a 
network to be realized, all the mutual antenna impedances should be reactive. Later on, 
different lossless decoupling networks based on the eigenmode theory were proposed in 
[62, 65] for antenna arrays with pure imaginary mutual impedances. For this concept, 
the array elements geometry and the distance between array elements have to be 
adjusted such that the array mutual impedances are pure imaginary. An array of N
elements produces N distinct eigenmode. As the number of array elements increases, 
the array eigenmode also increases and it becomes difficult to get reactive mutual 
impedances. In [66], an eigenmode based decoupling network for the MFSAA was 
presented for arbitrary array mutual impedances. Optimization by ADS was performed 
for good port isolation. With the results obtained by the eigenmode theory represent the 
initial values for the optimization process. The goals are defined such that minimum 
coupling (less than -30 dB) at 2.45 GHz between adjacent and nonadjacent array 
elements is obtained. In the following, the method is presented in detail. The MFSAA 
admittance arrayY matrix is given by 
.
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For the MFSAA shown in Fig.4.1, due to reciprocity, jiij YY = , where ji ≠ ,{ }4,3,2,1, =ji . 
The array is symmetric and the array elements are identical. The array admittance matrix
arrayY can be diagonalized as 
,
T
marray UUYY =  
where U is the orthonormal eigenvectors matrix given by 
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mY  is the modal admittance matrix of the MFSAA 
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where )4,3,2,1(  , == iiYmi  represents  the thi  eigenvalue (modal admittance) of the 
MFSAA. Solving for the array modal admittances in (5.20) we have that 
.2
2
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Numerical simulations for frequency dependent mode admittances of the MFSAA 
structure in Fig.4.1 were carried out with Empire XCcel, as Fig.5.11 shows.  
 
Figure 5.11: Frequency dependent MFSAA eigenmode admittances ( 1−Ω ) 1mY (black), 
3,2mY  (blue), and 4mY  (green). 
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Due to mutual coupling between array elements, the modal admittances are different 
from each other, while the load admittances are the same. In this case a complex 
mismatch modal factor miΛ  4) 3, 2, (1,for =i can be defined as 
 
 
where the corresponding modal reflection coefficient  miΓ  is given by 
.
miL
miL
mi ZZ
ZZ
+
−
=Γ
 
Substituting (5.25) in (5.24) implies that 
miL
miL
mi ZZ
RR
+
=Λ
2
 
The radiation pattern for port n  is a linear combination of the mutually orthogonal eigen 
radiation patterns of the MFSAA 4) 3, 2, (1,  where =n  [79]: 
,),(),(
1
∑
=
Λ=
N
i
miminin CuC φθφθ  
where niu  are the elements of the unitary matrix U defined in (5.21) and ),( φθmiC  are 
the corresponding mutually orthogonal eigen radiation patterns of the MFSAA. N is the 
number of distinct eigenmodes and N = 4 for the MFSAA. The decoupling of the 
MFSAA based on the eigenmode theory requires matching all modal admittances to the 
same admittance )1( =Λmi 4) 3, 2, (1,for =i . In [65], an −N element array with k
distinct eigenvalues required a decoupling network in )1( −k  stages where each stage 
consists of )1(2 −k  series reactive elements X  and )1(2 −k  shunt reactive elements B . 
For the MFSAA, two stages of a decoupling network are required: In the 1st stage modes 
(1, 4) admittances are matched, while in the 2nd stage modes (1, 4) and modes (2, 3) are 
matched. The 1st and 2nd stages of the decoupling network for the MFSAA are shown in 
Fig.5.12a and b respectively. From the 1st stage, the modal admittances 
)4,3,2,1(  , ==′ iiYmi as seen from the input ports ( 4,3,2,1 ′′′′  ) are obtained 
      ,1 22 mimi Γ−=Λ )24.5(
)25.5(
)26.5(
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where in′  is an integer given by  
)4,3,2,1(for      
4. modefor     2
2,3 modefor     1
1 modefor     0
=





=′ ini  
The value of in′  for )4,3,2,1( =i  in (5.29) is calculated based on the corresponding 
eigenvector in (5.21). From the 2nd stage as Fig.5.12b shows, the modal admittances 
)4,3,2,1(  , ==′′ iiYmi  as seen from the input ports ( 4,3,2,1 ′′′′′′′′  ) are obtained as 
[ ] ,2121 BnjjXYY imi mi ′′++′=′′ −−  
where in ′′  is an integer given by  
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The value of in ′′  for )4,3,2,1( =i  in (5.31) is calculated based on the corresponding 
eigenvector in (5.21). Closed-form design equations for calculating the values of 
reactive elements X  and B  in each stage are derived in [64] as 
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)a(  
 
)b(  
Figure 5.12: Decoupling network of the MFSAA. (a) 1st stage and (b) 2nd stage. 
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All modes are now matched to the same input admittance as seen from the input ports ( 
4,3,2,1 ′′′′′′′′  ). External matching circuits (L-section matching circuit) are required to 
match all modal impedances to the source impedance (50 Ω ). Impedance parameters and 
reactive elements values of the decoupling and matching network for the MFSAA are 
summarized in Tab.5.2. The admittance matrices DY ′ and DY ′′ for the 1
st
 and 2nd stages 
respectively of the decoupling network are obtained to be 
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TABLE 5.2: MFSAA IMPEDACE  PARAMETERS AND ITS DECOUPLING AND MATCHING 
NETWORK REACTIVE ELEMENT VALUES. 
 
MFSAA input impedance parameters 
at matching frequency 2.45GHz 
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Decoupling network 1st stage FCB
pFCX
005.1        ,016.0
440.5    ,941.11
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=−=
 
 
Decoupling network 2nd stage pFB
nHLX
711.0C      ,011.0
220.2    ,173.34
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L-section matching circuit pFCB
nHLX
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Capacitance and inductance values of the MFSAA decoupling matching network are 
calculated based on the values of reactive elements X  and B  in Tab.5.2. The circuit 
model in ADS for the eigenmode based decoupling and matching network of the 
MFSAA is presented in Appendix D. The scattering parameters of the MFSAA with and 
without a decoupling matching network are shown in Fig. 5.13a and b, respectively. Port 
isolation of more than 20 dB is obtained over a frequency range from 2.37 to 2.53 GHz. 
 
   
Figure 5.13: S-parameters of the MFSAA. (a) With and (b) without a decoupling 
matching network. 
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The decoupling and matching network designed above was based on lossless 
concentrated capacitors and inductors. This network of ideal lumped elements has to be 
converted to a physically realizable form. One convenient way of realization uses 
microstrip line (MSL) for connecting ports and realizing reactive elements by replacing 
the capacitors and inductors with open and short circuit stubs calculated so that 
).(tan
)(tan
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1
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sc
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Z
L
ωθ
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−
−
=
=
 
A microstrip line decoupling matching network was designed and optimized so that 
good isolation between ports was achieved. Fig. 5.14 shows the scattering parameters of 
the MFSAA decoupling matching network realized in MSL. The layout of the MSL 
realization is shown in Appendix E. Port isolation of more than 20 dB is obtained over a 
narrower frequency band from 2.427 GHz to 2.453 GHz because of the frequency 
dependent transmission line transformation of the microstrip line compared to the more 
static transformation of the lumped elements decoupling matching network. 
 
Figure 5.14: S-parameters of the MFSAA with the decoupling and matching network of 
Fig. 5.12 realized in MSL. 
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Azimuth and elevation patterns of port1 excited and all other ports matched to 50 Ω  
with and without an eigenmode based decoupling and matching network are shown in 
Fig.5.15. The element radiation pattern of the MFSAA with decoupled ports is more 
directive by approximately 10 dB compared to the MFSAA element pattern with 
coupled ports. In the eigenmode based decoupling network, a direct connection between 
array elements is modelled to create a physical path compared to the coupled path in the 
case of the parasitic decoupling elements presented in section 5.3.1 for port isolation. 
When port1 is excited and all other ports are matched to 50 Ω , o180 out of phase currents 
are induced in the other array elements compensating the induced currents and resulting 
in good port isolation.  
For the parasitic decoupling elements, isolation over wider frequency band is obtained 
compared to the eigenmode based decoupling network realized in MSL. Since the 
microstrip line realization limits the freedom of optimizing for a wider frequency band. 
In [80], each reactive element in the eigenmode based decoupling network is replaced 
by a series or parallel combination of an inductor and a capacitor to match over a wider 
frequency band. 
Good port isolation with the eigenmode based decoupling network can also be seen 
from the electric field distribution in xy-plane of the MFSAA at 2.45 GHz as shown in 
Fig.5.16. The simulated total efficiency is 96% for the MFSAA with an eigenmode 
based decoupling and matching network compared to 84% for the MFSAA without a 
decoupling and matching network. 
The eigenmode based decoupling network of the MFSAA provides good port isolation 
at 2.45 GHz and maximum power transfer between the 50 Ω  source and the antenna 
elements is obtained. The azimuth radiation pattern of the MFSAA with an eigenmode 
based decoupling and matching network and excitation vector of (4.4), for a 
beamforming in o45=φ and nulls in ooo 315 and ,225 ,135=φ directions can be seen in 
Fig.5.17. For beamforming compared to the isolated elements azimuth pattern, Fig.4.5, 
the nulls are filled but the patterns are decoupled. As discussed in section 5.2, the 
excitation vector of the MFSAA has to be optimized to compensate for beamforming. 
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Figure 5.15: MFSAA radiation pattern with (solid) and without (dash) a MSL 
decoupling matching network. (a) Azimuth pattern and (b) elevation 
pattern at o0  phi = (blue) and o90  phi=  (black). 
 
Figure 5.16: Electric field distribution ( xyzE ) of the MFSAA with a MSL decoupling 
matching network at 2.45 GHz. 
  
x
y
  
 
Ch5: Compensating for MC and Chassis modes Coupling in the MFSAA                     92 
 
 
 
 
Figure 5.17: Azimuth radiation pattern of the MFSAA with an eigenmode based 
decoupling network and excitation vector of (4.4). 
Mutual coupling between array elements reduces the signal to noise ratio of the system 
(SNR) especially when the spacing between antenna elements is less than half a 
wavelength [62]. Modification of the excitation vector in beamforming and null steering 
antenna arrays cannot compensate for SNR degradation as can be concluded from the 
MFSAA pattern with the excitation vector obtained from the active input impedance 
method seen in Fig.5.2 compared to the isolated azimuth pattern of the MFSAA shown 
in Fig.4.5. Therefore, implementation of a decoupling and matching circuit between the 
input ports and antenna ports is essential for high SNR.  
The excitation vector of the MFSAA with an eigenmode based decoupling and matching 
circuit is optimized by the help of EM simulation (Empire Xccel) to compensate for 
modified patterns of the MFSAA for the purpose of beamforming in o45=φ and nulls in 
ooo 315 and ,225 ,135=φ directions. The optimized excitation vector obtained from EM 
simulation for isolated ports MFSAA is given by 
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The azimuth beam of the MFSAA corresponding to the excitation vector in (5.38) is 
shown in Fig.5.18. A null deep of less than -40 dB is obtained. Isolated ports and 
modified patterns of the MFSAA at 2.45 GHz without mutual coupling effects are now 
obtained as can be seen from Fig.5.14 and Fig.5.18 respectively. The three other beams 
are generated by cyclic rotation of the port excitation. 
The MFSAA with an eigenmode based decoupling network was discussed without 
considering the effect of chassis modes. To consider the effect of chassis modes 
coupling, exciting port1 while keep all other ports matched terminated couples to the 
half- and full-wavelength modes of the chassis end. The effect of those two chassis 
modes on the radiation pattern of the MFSAA can be seen from Fig.5.19.  
The H-plane pattern of the half-wavelength chassis mode presented in Fig.4.10a fills the 
null at o0=θ of the MFSAA elevation pattern. The null at o45=θ  is filled due to the H-
plane patterns of the half- and full-wavelength chassis modes presented in Fig.4.10a and 
b, respectively. Distortion in azimuth pattern of the MFSAA seen in Fig.5.19 is due to 
the E-plane patterns of the half- and full-wavelength chassis modes presented in 
Fig.4.10a and b, respectively. 
 
Figure 5.18: Azimuth beam of the MFSAA with an eigenmode based decoupling 
network and excitation vector of (5.38). 
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Figure 5.19: MFSAA radiation pattern with an eigenmode based decoupling network at 
infinite (solid) and finite (dash) ground plane. (a) Azimuth pattern and (b) 
elevation pattern at o0  phi = (blue) and o90  phi=  (black). 
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Utilization of the Characteristic Mode Theory for MIMO 
Antenna Systems 
 
6.1 Introduction 
 
As shown in previous chapters, the modification of the excitation vector can compensate 
for the effect of mutual coupling in the MFSAA for the purpose of beamforming to 
suppress the interfering signals and improve the performance of wireless communication 
systems. Mutual coupling between the array elements reduces the signal to noise ratio of 
the system (SNR) especially when the spacing between antenna elements is less than 
half a wavelength as in the case of handheld devices such as smartphones. Modification 
of the excitation vector in beamforming and null steering antenna arrays cannot 
compensate for SNR degradation. In such a situation, implementation of decoupling 
matching networks between the input ports and antenna ports is required for matching 
port impedances and compensating for reduction in the SNR. In chapter five, parasitic 
decoupling elements and eigenmode based decoupling networks are implemented and 
discussed for the MFSAA. In this chapter, an alternative approach to achieve port 
decoupling is proposed. It utilizes the theory of characteristic modes. Port isolation is 
obtained by making use of the orthogonality of characteristic wavemodes of the chassis. 
In MIMO systems, the use of multiple antennas can result in an enhancement with 
respect to the channel capacity and data rate. Multiport antenna systems usually have the 
design goal of port isolation and pattern diversity. The demand of antenna design for 
MIMO goes towards the coupling-element based antenna structures, where the chassis is 
6Chapter
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the main radiator mainly at low frequencies [14, 39, 40]. In coupling-element based 
antenna as discussed in chapter two, the coupling element is a small volume nonresonant 
antenna used to excite the chassis orthogonal current modes through coupling to the 
electric field (capacitive coupling) or to the magnetic field (inductive coupling) [21]. In 
[81], a two-port MIMO antenna is proposed with two capacitive coupling elements to 
excite the first two dominant characteristic modes of a mm 40mm 100 ×  chassis. The 
CCEs shape and location have to be properly chosen for strong coupling to the 1st and 
2nd chassis modes. By the help of the characteristic mode theory, the characteristic 
modes of a mm 40mm 100 ×  chassis can be numerically evaluated [11] and the location 
of the CCEs on a chassis can be properly chosen for optimal coupling to the dominant 
chassis wavemodes [16, 17]. By making use of the orthogonality of chassis wavemodes, 
port isolation between array elements is obtained. 
6.2 Geometry of a Two-Port MIMO Antenna 
 
For the two-port MIMO antenna in [81], the characteristic mode theory was applied to 
analyze a wire grid model of a mm 40mm 100 ×  conducting plate [11]. The half- and 
full-wavelength resonant frequencies of the chassis major axis were found as 1.26, and 
2.68 GHz and their respective radiation quality factors values are 2.3, and 3.0. In order 
to selectively excite the half- and full-wavelength modes of the chassis major axis, 
suitable couplers arrangement on the chassis and their excitation phases should be 
optimized [20]. For the two-port MIMO antenna in Fig.6.1, two CCEs are placed at the 
middle of the chassis short ends for a selective excitation to the half- and full-
wavelength modes of the chassis major axis.  
In [19, 82], for a selective excitation of the characteristic modes of the chassis near to 
their resonant frequencies, an arrangement of two and four capacitive coupling elements 
and a modal feed network has been proposed. A o180 hybrid based feed network was 
used to feed the structure by the eigenvectors of the selected chassis modes excitation. 
The S-parameters of the two-port antenna system in Fig.6.1 given by 
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The off-diagonal elements of S-matrix represent the mutual coupling between ports. Due 
to the symmetry properties of the structure, the S-matrix can be decomposed into
)1.6(
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The two-column vectors of U  represent the excitation vectors for the half- and full-
wavelength characteristic modes of the chassis. The modal feed network for the two-port 
antenna system in Fig.6.1 may simply be modeled as a o180 hybrid with S-parameters 
given by 
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The CCEs are off-ground elements with a ground clearance of 10 mm. The off-ground 
antenna element provides better matching to the 50 Ω  impedance at the design 
frequency of 1.8 GHz than the on-ground element [25, 27]. The dimensions of the whole 
structure are 120×40×5 3mm . The CCE is bent from the top for better coupling to the 
chassis modes. The o180 hybrid of the modal feed network is replaced by a branchline 
coupler with an extra phase shift of o90  between its output ports to excite in phase 
corresponding to the even chassis mode, and o180 out of phase corresponding to the odd 
chassis mode eigenvectors.  
The S-parameters of the two-port antenna with and without a modal feed network can be 
seen from Fig.6.2. Good port isolation of more than 20dB between antenna ports at 1.8 
GHz is obtained. The modal feed network presented here supports pattern diversity 
between the chassis modes radiation patterns. The same concept could be applied for 
pattern diversity between array eigenmode radiation patterns for infinite ground [83]. 
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Figure 6.1: Geometry of a two-port center fed antenna structure with a double-stub 
matching circuit. 
 
 
Figure 6.2: S-parameters of the two-port antenna in Fig.6.1 with and without a modal 
feed network.                                    .
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6.3 Different Two-Port MIMO Antenna Configurations 
 
The modal feed network discussed above provides decoupled antenna ports by feeding 
the structure with the first two orthogonal eigenvectors of the chassis. An external 
matching network is then required to match the two ports to the 50 Ω . Matching over a 
wider frequency band depends on the number of lumped elements in the matching 
circuit, if an L-section matching circuit is chosen, then multiple L-sections may be 
required for sufficient frequency band. In Fig.2.12, the potential bandwidth for a single 
CCE placed at the middle of a 100mm×40mm chassis short end is plotted as a function 
of the number of lumped elements in the external matching circuit at 0.9 GHz and 2.2 
GHz.  
In [19], the authors aim to solve for wider impedance bandwidth by modifying the 
ground plane. Slots with optimized widths and lengths were created in the ground for 
better bandwidth. Modification in the ground plane will modify the modes current 
distributions of the chassis which in turns modify the corresponding radiation patterns of 
the chassis modes.  
In [81], a comparison between two different configurations of a two-port MIMO 
antenna with respect to the port isolation and radiation patterns is presented. In the first 
configuration, the case of slotted ground plane with a single-stub as an external 
matching circuit is considered, while in the second configuration slots in the ground 
plane are replaced by a more complicated external matching circuit realized in 
microstrip line as a double-stub. A third configuration of a two-port MIMO antenna with 
an offset feed and a single-stub matching circuit is considered in this chapter and 
compared to the work presented in [81]. 
6.3.1 Two-Port MIMO Antenna with a Slotted Ground Plane 
 
In this two-port antenna configuration, four slots with 1 mm width are made in the 
ground plane. Two slots of 0.05 λ length are created at the middle of the chassis long 
ends, while two slots of 0.21λ length are created at the middle of the chassis short ends. 
The CCEs are off-ground elements with a ground clearance of 13.5 mm. The 
dimensions of the whole structure are 127×40×6 3mm . A single-stub matching circuit is 
designed to match the ports to the 50 Ω  impedance. The top and bottom view of the 
two-port MIMO antenna with a slotted ground is shown in Fig.6.3. The single-stub 
position and length for each port, the ground clearance of the CCEs, the CCEs height, 
and the slots length are all optimized for good matching and port isolation at 1.925 GHz. 
  
Ch6: Utilization of the Characteristic Mode Theory for MIMO Antenna Systems       100                                   
 
 
 
An isolation of more than 20 dB is obtained over a frequency band from 1.899 to 1.948 
GHz (6 dB bandwidth), Fig.6.4. 
 
 
 
 
 
 
 
Figure 6.3: Top and bottom view of the two-port MIMO antenna with a slotted ground 
and a single-stub matching circuit. 
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Figure 6.4: S-parameters of the two-port MIMO antenna with a slotted ground and a 
single-stub matching circuit. 
6.3.2 Two-Port MIMO Antenna with a Double-Stub Matching Circuit 
 
In this two-port MIMO antenna configuration the four slots in the slotted ground 
configuration discussed above are replaced by a double-stub external matching circuit to 
match the antenna ports to the 50Ω . The CCEs are off-ground elements with a ground 
clearance of 10 mm. The dimensions of the whole structure are 120×40×4 3mm . The top 
and bottom view of the two-port MIMO antenna with a double-stub matching circuit is 
shown in Fig.6.5. The double-stub position and length for each port, the ground 
clearance of the CCEs, and the CCEs height are all optimized for good matching and 
port isolation at 1.90 GHz. An isolation of more than 20 dB is obtained (6 dB 
bandwidth) over a frequency band from 1.887 to 1.925 GHz for the half-wavelength 
chassis mode and from 1.852 to 1.954 GHz for the full-wavelength chassis mode, 
Fig.6.6. 
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Figure 6.5: Top and bottom view of the two-port MIMO antenna with a double-stub 
matching circuit. 
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Figure 6.6: S-parameters of the two-port MIMO antenna with a double-stub matching 
circuit. 
In the slotted ground configuration, creating slots in the ground plane easily match to the 
50 Ω  impedance through modifying the current distributions of the chassis modes. Slots 
lengths, widths, and positions are optimized so that the odd and even modes resonances 
are matched. For comparison, the current distribution of the odd chassis mode with and 
without a slot created at the middle of the chassis long end is shown in Fig.6.7. Creating 
a slot changes the current path for the odd mode, the mode resonance becomes a 
function of the slot length. For the even chassis mode, its resonance is not a function of 
the slot length at the middle of the chassis long end, while the odd and even modes 
resonances are a function of the slot length at the middle of the chassis short end. In the 
two-port MIMO antenna with a double-stub matching circuit, the effect of slots is 
replaced by a multiple-resonances external matching circuit. 
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)a(  
 
)b(  
Figure 6.7: Current distribution of the odd chassis mode. (a) With and (b) without a 
slot at the middle of the chassis long end. (Arrows indicate the current 
direction). 
6.3.3 Two-Port MIMO Antenna with an Offset Feed Point 
 
In the offset fed two-port MIMO antenna, the feed point location for the CCEs is at 
12.63 mm offset from the long axis of the chassis as shown in Fig.6.8a. The CCEs are 
off-ground elements with a ground clearance of 7 mm. The dimensions of the whole 
structure are 114×40×5.5 3mm . A single-stub matching circuit is designed to match the 
ports to the 50Ω  impedance. The top and bottom view of the two-port MIMO antenna 
with an offset feed and a single-stub matching circuit is shown in Fig.6.8. The single-
stub position and length for each port, the ground clearance of the CCEs, the CCEs 
height, and the offset of the feed point location from the chassis long axis are all 
optimized for good matching and port isolation at 1.83 GHz. An isolation of more than 
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17.9 dB is obtained over a frequency band from 1.80 to 1.858 GHz (6 dB bandwidth), 
Fig.6.9.  
The CCEs with an offset feed point excite the half-wavelength mode of the chassis 
minor axis. The resonant frequency of the chassis minor axis half-wavelength mode was 
found at 2.7 GHz in [11]. In the offset feed point configuration, instead of a multiple-
resonance matching circuit, an offset feed point (excites another resonance at 2.7 GHz) 
is used and then a single-resonance matching circuit is required. 
 
 
)a(  
 
 
 
Figure 6.8: Top and bottom view of the two-port MIMO antenna with an offset feed 
and a single-stub matching circuit. 
 
port1port2
substrate
mm 63.12
mm 100
mm 7
plane ground
)b(
  
Ch6: Utilization of the Characteristic Mode Theory for MIMO Antenna Systems       106                                                                            
 
 
 
Figure 6.9: S-parameters of the two-port MIMO antenna with an offset feed and a 
single-stub matching circuit. 
In the two-port MIMO antenna configurations discussed above, a narrow frequency 
bandwidth is obtained. This can be explained by the low input resistance of the coupling 
element and by the relative bandwidth calculated in Fig.1.11. The best bandwidth 
potential seems to be below 1 GHz, where the CCE is electrically small and the chassis 
dominates the radiation properties of the antenna. At around 2.2 GHz, the contribution 
of the chassis becomes less, while lower bandwidth potential is obtained between the 
two peaks where the design frequencies 1.83 and 1.90 GHz of the two-port MIMO 
antenna configurations discussed above are located.  
For the relative bandwidth obtained in Fig.1.11, the CCE element is matched by an 
external single-resonant L-section matching circuit at each simulated frequency point 
between 0.5 GHz and 3 GHz. Using a complex (multiple-resonance) matching circuit 
enhances the bandwidth of the coupling-element based antenna structure. The relative 
bandwidth (10 dB bandwidth) as a function of the number of lumped elements in the 
matching circuit plotted in Fig.1.12 at 0.9 and 2.2 GHz shows that the relative 
bandwidth depends on the number of lumped elements in the external matching circuit. 
In addition, bandwidth enhancement could be obtained by optimizing the CCE 
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dimensions in comparison to the chassis dimensions for the purpose of high input 
resistance of the CCE. 
Uncorrelated channels from the two-port MIMO antenna configurations mentioned 
above are obtained. The correlation coefficient can be calculated from the three 
dimensional complex far field radiation patterns or from the scattering parameters if an 
isotropic environment is assumed. In [84], the envelope correlation coefficient is derived 
and computed from the scattering parameters of the system as 
( )( )212222221211
2
22211211
11 SSSS
SSSS
e
−−−−
+
=
∗∗
ρ
 
The envelope correlation coefficient calculated from (6.6) for the two-port MIMO 
antenna with a slotted ground configuration is 410067.1 −× . The envelope correlation 
coefficient for the two-port MIMO antenna with a double-stub matching circuit 
configuration is 710157.9 −× , and 510813.1 −× for the offset feed point configuration.  
The radiation patterns of the half- and full-wavelength chassis modes for the two-port 
MIMO antenna with a slotted ground, a double-stub matching circuit, and an offset feed 
point configuration are shown in Fig.6.10a, b and c respectively. With respect to the E-
plane (xz-plane in Fig.6.1), creation of slots in the ground plane does not any more keep 
the symmetry for the odd and even chassis modes, while for the H-plane (xy-plane in 
Fig.6.1), the odd mode pattern becomes more directive.  
 
)a(  
)6.6(
plane-H plane-E
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Figure 6.10: Radiation patterns of the odd (solid) and even (dash) chassis modes for the 
two-port MIMO antenna configurations. (a) With a slotted ground plane, 
(b) with a double-stub matching circuit, and (c) with an offset feed point. 
For the offset feed point configuration, coupling to the half-wavelength mode of the 
chassis minor axis partially fills the nulls at o90±=θ and fully fills the nulls at 
oo 180 and 0=θ  for the E-plane pattern of the even chassis mode. The odd chassis mode 
pattern in E-plane is a little bit distorted and becomes more directive in H-plane. 
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6.4 Eigenmodal Feed Based Decoupling Network of the MFSAA   
 
For the MFSAA, four quarter-wavelength monopole elements are placed on a 
mm 100mm 100 ×  ground plane. Due to the symmetry properties of the structure, the S-
matrix of the MFSAA can be decomposed into  
),,,,(
UU
4321
T
ΓΓΓΓ=Γ
Γ=
diag
S
   
 
where S is the scattering matrix of  the MFSAA, Γ is the diagonal matrix    
     
,SSSS
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and the unitary matrix U  consists of the orthonormal eigenvectors of S  
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Exciting with the eigenvectors of the MFSAA, due to their orthogonality, isolated ports 
but mismatched are obtained. External matching networks are required to match each 
port to the 50 Ω  impedance individually. The modal feed network that is required to 
generate the orthogonal eigenmodes of the MFSAA should have the scattering matrix 
mS  described in a block matrix notation by  
,
0U
U0 T
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where U  is an nn × matrix ( n is the number of array elements, 4=n for the MFSAA) . 
The eigenmodal feed network of the MFSAA can be implemented by using four -3 dB 
o90 branchline couplers. In [83], the eigenmodal feed based decoupling network was 
realized on FR4 ( 4.4=rε ) substrate for a planar array of four monopole elements 
separated by λ17.0  at 2.6 GHz. The upper metallization of the substrate acts as the 
ground plane for the monopole elements, while the microstrip lines were etched on the 
bottom surface of the substrate. For pattern calculation an infinite ground was assumed 
(effect of chassis modes is excluded).  
For the MFSAA, the monopole elements and the microstrip lines are modeled on the 
same surface (the upper surface) of mm 160mm 160 ×  RO4003 substrate of thickness 
0.813 mm, dielectric constant 38.3=rε , and loss tangent 0.0027. The ground 
metallization surface is the bottom surface of the substrate. The MSL layout of the 
eigenmodal feed based decoupling matching network for the MFSAA is shown in 
Appendix F. 
A single-stub external matching circuit for modes 1, 2, and 3 is realized, while a double-
stub matching circuit is realized to match for mode 4. The scattering parameters of the 
MFSAA with an eigenmodal feed based decoupling network are shown in Fig.6.11.  
 
Figure 6.11: S-parameters of the MFSAA with an eigenmodal feed based decoupling 
and matching network. 
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An isolation of more than 19.52 dB at 2.45 GHz is obtained. Wider frequency 
bandwidth (10 dB bandwidth) is obtained for modes 1 and 3 with excitation vectors [1 1 
1 1] and [1 -1 -1 1] respectively compared to modes 2 and 4. The azimuth radiation 
patterns of the MFSAA eigenmodes 1, 2, 3 and 4 are shown in Fig.6.12. 
If a finite ground is considered, the chassis characteristic modes fill the nulls of the 
MFSAA eigenmode azimuth patterns as can be seen in Fig.6.13. The layout dimensions 
( λλ 3.13.1 × ) of the eigenmodal decoupling network are relatively large compared to the 
dimensions of the monopole array. For a smaller chassis compared to the monopole 
array size, the nulls of the array eigenmode azimuth patterns are expected to be 
completely filled.  
In eigenmodal based decoupling networks, for a finite ground plane, nonresonant 
coupling element is required to excite the chassis modes and then port isolation is 
obtained based on the orthogonality of chassis modes radiation patterns. While for an 
infinite ground plane, port isolation is achieved from the orthogonality of array (self-
resonant elements) eigenmode radiation patterns. 
 
 
Figure 6.12: Azimuth radiation patterns of the MFSAA on an infinite ground plane. (a) 
For eigenmodes 1 (solid) and 4 (dash), and (b) for eigenmodes 2 (solid) and 
3 (dash). 
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Figure 6.13: Azimuth radiation patterns of the MFSAA on a finite ground plane. (a) For 
eigenmodes 1 (solid) and 4 (dash), and (b) for eigenmodes 2 (solid) and 3 
(dash). 
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Prototypes: Fabrication and Measurements  
 
7.1 Introduction 
The present chapter describes design procedure, fabrication process, and measurements 
of the decoupling and matching network prototypes which were proposed in ch.5 and 
ch.6. Three different prototypes of decoupling and matching networks were designed 
and fabricated. The isolation between ports is measured. Comparison between measured 
and simulated results for each prototype and between different prototypes of networks is 
shown and discussed. Two prototypes of decoupling networks, parasitic decoupling 
elements and eigenmode based decoupling network, were fabricated to compensate for 
coupling degradation in the MFSAA. Another eigenmodal feed based decoupling 
prototype was fabricated for a two-port MIMO antenna. In this network, port isolation is 
obtained through coupling to the orthogonal radiation patterns of the chassis 
wavemodes. 
7.2 Prototype I: Parasitic Elements Based Decoupling Technique of 
the MFSAA   
The parasitic decoupling elements and matching circuit of the MFSAA are fabricated on 
a ground plane surface of 90mmmm90 × ( λλ 735.0735.0 × ), made from RO4003 
substrate of thickness 0.813 mm, dielectric constant 38.3=rε , and loss tangent 0.0027. 
The array active elements are made from copper wires of λ025.0 in diameter, while the 
7Chapter
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array parasitic elements are made from copper wires of λ016.0  in diameter.  The 
decoupled ports are matched to the 50 Ω  impedance with an open-circuit stub of length 
λ23.0  and width λ01.0 . The stub is placed at distance λ1.0  from the feed point. For 
better matching another open-circuit stub of length λ06.0  and width λ02.0  is added. 
The fabricated whole structure of the MFSAA with parasitic decoupling elements and 
matching circuit is shown in Fig.7.1. The whole structure is placed on a large ground 
plane to provide an approximation of an infinite ground. Measured scattering parameters 
in Fig.7.2 show an isolation of more than 30 dB over a frequency band from 2.406 to 
2.506 GHz (10 dB bandwidth). Good agreement between measured and simulated 
scattering parameters of the MFSAA is obtained. The scattering parameters 12S and 13S
represent the coupling between adjacent and nonadjacent array active elements, 
respectively. For comparison, measured scattering parameters of the MFSAA without a 
decoupling and matching network are shown in Fig.7.3.  
 
 
Figure 7.1: MFSAA with parasitic decoupling elements and matching circuit. 
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Figure 7.2: Measured and simulated S-parameters of the MFSAA with parasitic 
decoupling elements and matching circuit. 
 
Figure 7.3: Measured S-parameters of the MFSAA without a decoupling network.
2 2.2 2.4 2.6 2.8 3
−60
−50
−40
−30
−20
−10
0
Frequency [GHz]
S−
Pa
ra
m
et
er
s 
[dB
]
 
 
S11 Measured
S21 Measured
S31 Measured
S11 Simulated
S21 Simulated
S31 Simulated
2 2.2 2.4 2.6 2.8 3
−40
−35
−30
−25
−20
−15
−10
−5
0
Frequency [GHz]
S−
Pa
ra
m
et
er
s 
[dB
]
 
 
S11
S21
S31
  
Ch7: Prototypes: Fabrication and Measurements                                                          116 
 
 
 
7.3 Prototype II: Eigenmode Based Decoupling Network of the 
MFSAA 
The eigenmode based decoupling network of the MFSAA is realized in microstrip line 
and fabricated on a ground plane surface of mm878mm7 × ( λλ 637.0637.0 × ) made 
from RO4003 substrate of thickness 0.508 mm, dielectric constant 38.3=rε , and loss 
tangent 0.0027. The array elements are made from copper wires of λ025.0 in diameter. 
The decoupled ports are matched to the 50 Ω  impedance with an open-circuit double-
stub of lengths λ02.0 and λ06.0 , respectively from the feed point. The distance between 
the two stubs is λ016.0 . The fabricated whole structure of the MFSAA with the 
decoupling and matching network is shown in Fig.7.4. The whole structure is placed on 
a large ground plane to provide an approximation of an infinite ground. Measured 
scattering parameters in Fig.7.5 show an isolation of more than 20 dB over a narrower 
frequency band compared to the parasitic decoupling elements. In addition, the 
scattering parameters 12S  and 13S are a little bit shifted from 11S  compared to the 
simulated scattering parameters. 
 
Figure 7.4: MFSAA with an eigenmode based decoupling network realized in 
microstrip line. 
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Figure 7.5: Measured S-parameters of the MFSAA with an Eigenmode based 
decoupling matching network realized in microstrip line. 
To measure the radiation pattern of the MFSAA in Fig.7.4, a feed network is needed to 
generate the excitation vector of (4.4). Three branchline couplers are required to get 
uniform amplitudes and o90 phase shifts between output ports [61]. The feed network is 
fabricated on a ground plane surface of ( λλ 561.0637.0 × ) made from RO4003 substrate 
of thickness 0.813 mm as shown in Fig.7.6.  
 
Figure 7.6: Realization of the feed network for the MFSAA in Fig.7.4. 
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The measured S-parameters of the feed network are shown in Fig.7.7. Good return loss 
(-23.86 dB) and isolation (-26.89 dB) are obtained at 2.45 GHz. The transmission S-
parameter phases are shown in Fig.7.8.  
 
Figure 7.7: Measured S-parameter magnitudes of the feed network in Fig.7.6. 
 
Figure 7.8: Measured transmission S-parameter phases of the feed network in Fig.7.6. 
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A phase shift of o76.87 between port 4 and ports 3 and 5 is obtained, while a phase shift 
of o7.183 between port 4 and port 6 is obtained. The feed network is connected to the 
MFSAA with an eigenmode feed based decoupling network and the radiation pattern is 
measured in our anechoic chamber as shown in Fig.7.9. Simulated and measured 
azimuth patterns of the MFSAA are in a good agreement as shown in Fig.7.10. Ripples 
in the measured pattern are assumed to be due to superposition of the MFSAA radiation 
by spurious radiation from the cables and from the open feed network.   
 
Figure 7.9: Pattern measurement of the MFSAA with the feed network of Fig.7.6. 
 
Figure 7.10: Measured (solid) and simulated (dash) azimuth pattern of the MFSAA. 
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For the purpose of beamforming in o45=φ and nulls in ooo 315  and ,225 ,135=φ
directions, the excitation vector of the MFSAA is optimized in section 5.3.2. For the 
optimized excitation vector in (5.38), one 11.06 dB attenuator and two 9.63 dB 
attenuators are realized by resistor Pi-section circuits. The phase shift between 
nonadjacent antenna elements in the MFSAA is adjusted to be o155 by insertion of a 
delay line. The whole structure is fabricated on a ground plane of ( λλ 639.0327.0 × ) 
made from RO4003 substrate of thickness 0.508 mm as shown in Fig.7.11. The 
measured transmission S-parameters for the 9.63 dB attenuator, 11.06 dB attenuator and 
phase shifter are shown in Fig.7.12. 
The measured and simulated azimuth patterns of the MFSAA with the eigenmode based 
decoupling network and excitation vector of (5.38) are shown in Fig.7.13. Strong 
spurious radiation superimposes and distorts the original MFSAA pattern, partially 
filling the nulls at oo 270 and 90 == φφ and producing ripples in the backward direction. 
In additions the null at o270=φ is a little bit shifted in comparison to the original 
pattern. The Azimuth pattern of the MFSAA is measured at 2.48 GHz. From Fig.7.5, an 
isolation of 30 dB is obtained at 2.485 GHz. 
 
 
Figure 7.11: Realization of the attenuators and phase shifter for the excitation vector in 
(5.38). 
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Figure 7.12: Measured transmission S-parameters of the structure in Fig.7.11.   
 
Figure 7.13: Measured (solid) and simulated (dash) azimuth pattern of the MFSAA with 
the excitation vector in (5.38). 
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7.4 Prototype III: Eigenmodal Feed Based Decoupling Network of a 
Two-Port MIMO Antenna 
The first two configurations with and without a slotted ground plane of a two-port 
MIMO antenna modeled in ch.6 are fabricated on RO4003 substrate of thickness 
0.813mm, dielectric constant 38.3=rε , and loss tangent 0.0027. The CCE are made 
from copper plate of thickness 100 µm. The decoupled ports of the two-port MIMO 
antenna with a slotted ground configuration are matched to the 50 Ω  impedance with a 
single-stub matching circuit, while for the two-port MIMO antenna without a slotted 
ground, a double-stub matching circuit is used. The fabricated whole structure and 
measured scattering parameters for the two-port MIMO antenna with a slotted ground 
and a single-stub matching circuit are shown in Fig.7.14 and Fig.7.15, respectively. 
While Fig.7.16 and Fig.7.17 show the fabricated whole structure and measured 
scattering parameters of the two-port MIMO antenna with a double-stub matching 
circuit. An isolation of around 20dB is obtained for the two-port MIMO antenna with a 
double-stub matching circuit. The measured 22S and 21S are in a good agreement with the 
simulated ones.  
 
 
Figure 7.14: Top and bottom view of the two-port MIMO antenna with a slotted ground 
and a single-stub matching circuit. 
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Figure 7.15: Measured S-parameters of the two-port MIMO antenna with a slotted 
ground and a single-stub matching circuit. 
 
 
Figure 7.16: Top and bottom view of the two-port MIMO antenna with a double-stub 
matching circuit. 
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Figure 7.17: Measured S-parameters of the two-port MIMO antenna with a double-stub 
matching circuit. 
The impedance match frequency for 11S  is a little bit shifted from 1.923 GHz due to 
loading at the chassis ends with  the coaxial cables for feeding the structure, where the 
odd chassis mode is strongly coupled. From the measured scattering parameters in 
Fig.7.17, the frequency band (6 dB bandwidth) is between 1.914 and 1.992 GHz for the 
1st chassis mode (odd mode) and between 1.863 and 1.991 GHz for the 2nd chassis mode 
(even mode). 
For the slotted ground plane configuration, an isolation of more than 20 dB is obtained 
over a wider frequency band compared to the two-port MIMO antenna with a double-
stub matching circuit. The shift in the resonant frequency for 11S  is compensated by 
modifying the external matching circuit for port1 to be a double-stub matching circuit 
instead of a single-stub. With a double-stub matching circuit for port1 in addition to 
slots in the ground plane, a wider frequency band from 1.832 to 2.018 GHz (6 dB 
bandwidth) is obtained compared to a narrower frequency band from 1.904 to 1.950 
GHz for port2. The matched frequency band at -6 dB level from simulated and 
measured S-parameters for the two configurations of the two-port MIMO antenna are 
summarized in Tab. 7.1.  
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TABLE 7.1: MATCHED FREQUENCY BAND IN GHZ FOR THE TWO CONFIGURATIONS OF 
THE TWO-PORT MIMO ANTENNA. 
Matched frequency 
band in GHz at -6 
dB level 
 
Simulated S-Parameters 
 
Measured S-Parameters 
 
port1  
 
port2  
 
port1  
 
port2  
Two-port MIMO 
antenna with a slotted 
ground 
 
1.899- 1.948  
 
1.898- 1.948 
 
1.832- 2.018  
 
1.904- 1.950 
Two-port MIMO 
antenna with a double-
stub matching circuit 
 
1.887-1.925  
 
1.852-1.954  
 
1.914- 1.992  
 
1.863- 1.991 
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Conclusion and Future Work 
 
Multiport antennas usually have the design goal of isolated ports and uncorrelated 
radiation patterns. For antennas on small platforms (e.g. mobile terminals), spacing of 
less than half-wavelength may result. Small spacing between antenna elements leads to 
a strong mutual coupling and correlated radiation patterns. In addition, for antennas on 
small platforms, the characteristic chassis modes effect has to be considered. The chassis 
is the main radiator especially at low frequencies, while the antenna element works as an 
exciter to excite the chassis wavemodes. Obviously, a good knowledge of the 
characteristic modes of the chassis is so helpful to analyze the radiation properties of the 
chassis of a mobile terminal. 
In ch.3, for deep understanding of how different parts of the antenna-chassis 
combination contribute to the input impedance and total radiation, a lumped elements 
equivalent circuit model based on  parallel and series coupled resonators to model the 
chassis wavemodes and the antenna elements wavemodes is presented. By the help of 
the equivalent circuit model, the effect of chassis wavemodes on the input impedance 
and their contribution to the total radiation can be studied. 
Mutual coupling in the MFSAA modifies the monopole input impedances, and 
accordingly the terminal voltages are modified resulting in a modified array pattern. The 
distortion of the radiation pattern of the MFSAA can be compensated by modifying the 
feeding network of the MFSAA. On the other hand, mutual coupling between array 
elements reduces the signal to noise ratio of the system (SNR). Modification of 
excitation vector in beamforming antenna arrays cannot compensate for SNR 
8Chapter
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degradation. In such case, implementation of a decoupling network between the input 
ports and antenna ports is essential for high SNR. Different decoupling techniques for 
the MFSAA are presented in ch.5. Based on the eigenmode theory, for the MFSAA, two 
stages of a lossless decoupling network are required. In the 1st stage, modes (1, 4) 
admittances are matched, while in the 2nd stage modes (1, 4) and modes (2, 3) are 
matched. All ports are now matched over a narrow frequency band. An isolation of more 
than 20 dB is obtained over a frequency band from 2.427 GHz to 2.453 GHz.  
To decouple over a wider frequency band, an alternative approach is presented. By 
inserting parasitic elements between adjacent and nonadjacent array active elements, 
good isolation of more than 30 dB between antenna ports of the MFSAA is obtained 
over a wider frequency band from 2.406 GHz to 2.506 GHz (10 dB bandwidth). For 
both techniques of decoupling, considering the effect of chassis modes, the H-plane 
pattern of the half-wavelength chassis mode fills the null at o0=θ . The E-plane patterns 
of the half- and full-wavelength chassis modes are responsible for the distortion in the 
azimuth pattern of the MFSAA. 
The theory of characteristic modes is utilized in ch.6 to get port isolation by making use 
of the orthogonality of characteristic wavemodes of the chassis. A two-port MIMO 
antenna is proposed with two CCEs to excite the first two dominants characteristic 
modes of a mm 40mm 100 ×  chassis. The CCEs shape and location have to be properly 
chosen for strong coupling to the 1st and 2nd chassis modes. Different configurations of a 
two-port MIMO antenna with and without modified ground plane and offset feed point 
are presented and port isolation over a narrow frequency band is obtained. For the two-
port MIMO antenna with a double-stub matching circuit, the odd chassis mode is 
matched over a frequency range between 1.887 GHz and 1.925 GHz (at the -6 dB level) 
of more than 20 dB isolation, while the even chassis mode is matched over a wider 
frequency band from 1.852 GHz to 1.954 GHz. For the two-port MIMO antenna with a 
slotted ground plane and a single-stub matching circuit, the odd and even chassis modes 
are matched at the same frequency band from 1.898 GHz to 1.948 GHz with isolation of 
more than 25 dB, while the odd and even chassis modes for the two-port MIMO antenna 
with an offset feed point are matched at the same frequency band from 1.8 GHz to 1.858 
GHz with isolation of more than 18 dB.  
For the radiation patterns of the half- and full-wavelength chassis modes, creation of 
slots in the ground plane gives up the symmetry for the odd and even chassis modes in 
E-plane, while for H-plane, the odd mode pattern becomes more directive. In the offset 
feed configuration, coupling to the half-wavelength mode of the chassis minor axis 
partially fills the nulls at o90±=θ and fully fills the nulls at oo 180 and 0=θ  for the even 
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chassis mode pattern in E-plane. The odd chassis mode pattern in E-plane is a little bit 
distorted. 
In ch.7, different decoupling network prototypes for the MFSAA and different two-port 
MIMO antenna configurations are fabricated and good agreement between measured 
and simulated results is obtained. 
For future work, the two-port MIMO antenna with an eigenmodal feed based decoupling 
network can be extended to a four-port MIMO antenna for higher channel capacity. The 
diversity performance of two- or more port antennas with different decoupling 
techniques can be evaluated by calculating the envelope correlation coefficient taking 
into account the propagation environment. For isotropic, the envelope correlation 
coefficient can be calculated from the scattering parameters. 
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APPENDIX A 
Equivalent Circuit Model in ADC of a Single Monopole on a 100 mm x 40 mm 
Chassis 
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APPENDIX B 
Equivalent Circuit Model in ADC of Two Monopoles at the Middle of a 100 mm x 
40 mm Chassis Short Ends 
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APPENDIX C 
Equivalent Circuit Model in ADC of Two Monopoles at the Middle of a 100 mm x 
40 mm Chassis Long Ends 
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APPENDIX D 
Circuit Model in ADS for the Eigenmode Based Decoupling Network of the 
MFSAA 
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APPENDIX E 
Layout of the Eigenmode Based Decoupling Network in MSL Realization for the 
MFSAA.  
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APPENDIX F 
Layout of the Eigenmodal Feed Based Decoupling Network in MSL Realization for 
the MFSAA.  
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